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ABSTRACT

FULL-SCALE LATERAL-LOAD TESTS OF A 3x5 PILE
GROUP IN SOFT CLAYS AND SILTS

Jeffrey L. Snyder
Department of Civil and Environmental Engineering
Master of Science

A series of static lateral load tests were conducted on a group of fifteen piles
arranged in a 3x5 pattern. The piles were placed at a center-to-center spacing of 3.92 pile
diameters. A single isolated pile was also tested for comparison to the group response.
The subsurface profile consisted of cohesive layers of soft to medium consistency
underlain by interbedded layers of sands and fine-grained soils. The piles were
instrumented to measure pile-head deflection, rotation, and load, as well as strain versus
pile depth.
The average load resisted by each group pile was lower than the load resisted by
the single pile at the same deflection. The lead row resisted loads similar to a single pile
with the second row and third and subsequent rows resisting successively smaller loads.
Maximum bending moments in the trailing row piles were larger and occurred at greater
depths than the lead row piles. Group effects became more pronounced at larger

deflection levels due to increased overlap of the shear zones that resisted the lateral
motion of the piles thereby reducing the soil resistance.
LPILE Plus version 4.0 (Reese et al., 2000) was used to model the single pile test.
The initial input soil parameters were adjusted to obtain a good match between the
measured and computed results. This refined soil profile was then used to model the pile
group in GROUP version 4.0 (Reese et al., 2000). User-defined p-multipliers were
adjusted to match the measured and calculated results. For deflections up to 38 mm, pmultipliers were 1.0, 0.87, 0.64, 0.81, and 0.70 for Rows 1 to 5, respectively. For larger
deflections, the p-multipliers decreased to an average value of 1.0, 0.81, 0.59, 0.71, and
0.59.
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CHAPTER 1 – INTRODUCTION
1.1

INTRODUCTION OF THEORY
Many buildings and structures require the use of deep foundations to utilize the

bearing capacity of deeper and stronger soil layers. Pile groups are one particular type of
deep foundation commonly used for large structures. In addition to the vertical loads that
must be sustained by the piles, lateral loads may be present and must be accounted for in
design. These lateral loads can come from a variety of sources such as wind forces, wave
impact, earthquake shaking, liquefaction, and slope failure.
Previous lateral load test results on piles indicate that closely spaced pile groups
(i.e. 3 pile diameters, 3D) have a lower average resistance per pile than a single isolated
pile. The decrease in total resistance of the pile group during lateral loading is caused by
“pile-soil-pile interaction.” (Wright, 1982) The level of resistance of the group is a
function of the pile spacing within the group. Group resistance progressively decreases
as the piles are spaced closer and closer so that interaction effects increase. The trailing
rows in the group experience less lateral resistance than the front row due to what is
called the “shadowing effect.” Figure 1.1 illustrates the shadowing or group interaction
effect within a pile group. In addition, Figure 1.1 refers to “edge effects” that can occur
at higher deflections.
Shear zones in the soil develop in the direction of the load as the piles are loaded
laterally. Eventually, if the piles are loaded enough, the shear zones begin to overlap
therefore reducing the soil resistance. Previous tests have shown that the front row

1

average lateral load resistance tends to be similar to the resistance of a single isolated pile
since only edge effects cause a decrease in lateral resistance for this row of piles.
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Figure 1.1 Illustration of shadow and edge effects on a laterally loaded pile group.

Finite difference methods are the basis for predicting the lateral response of piles.
The soil is modeled as non-linear springs attached to the pile that acts as a beam. These
non-linear springs are defined by p-y curves. These p-y curves are produced at regular
depths along the length of the pile. The p value represents the lateral soil resistance per
unit length of pile whereas the y value represents the lateral deflection of the pile.
One common method employed by designers to predict the group effect is
through p-multipliers. In Figure 1.2, the p-multiplier concept is illustrated. The pmultiplier is a ratio of the p value for the group versus the p value for the single pile.
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Figure 1.2 Comparison of p-y curves for a single pile to a group pile.

There are relatively few full-scale tests to provide information regarding the
design of pile groups. However, based on available full-scale test results, the current
design recommendations for p-multipliers given in AASHTO (2000) appear to be over
conservative. Additionally, full-scale tests have also shown that the default p-multipliers
in GROUP based on the chosen soil type is unconservative. As a result, engineers are
forced to take a conservative approach in designing pile groups.
To allow for a more economical approach to design, there is a need for more
research to be conducted on full-scale pile groups. This will help in developing more
accurate curves of p-multiplier versus spacing for the lead rows and trailing rows in
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various soil types. This study will help further refine the relationship between pmultipliers and pile spacing in soft clays and silts.

1.2

RESEARCH OBJECTIVES
The research objectives are as follows:
1. Assess the effect of pile spacing on measured p-multipliers and develop a
curve for p-multipliers as a function of pile spacing.
2. Determine the validity of the p-multiplier approach for a 5-row pile group.
3. Determine if p-multipliers remain constant after the third row.
4. Determine the effect of cyclic loading (usually 15 cycles) and gap formation
in clays on the measured group effects and p-multipliers.
5. Formulate a case history for use in analyzing and calibrating computer and
physical models.

1.3

PROJECT SCOPE
The project test site is located on the northern edge of the Salt Lake City

International Airport about 300 meters directly north of the Airport control tower. Soils
tests were performed to determine the soil conditions. Previous soil tests from past
research at the site were also used to model the subsurface profile. Soil parameters were
provided by in-situ tests such as cone penetrometer and vane shear, and standard soil
sampling tests. Laboratory tests were performed on the collected samples. The basis of
the subsurface profile was provided by Peterson (1996) and Weaver (1997) based on their
testing at this site.

4

In 1996, full-scale static and dynamic lateral load tests were performed on a ninepile group with a center-to-center spacing of 2.8 pile diameters at this site. In 2002,
additional full-scale static and dynamic lateral load tests were performed on pile groups
with center-to-center spacings of 3.92 and 5.65 pile diameters. The results from the pile
group test with the 5.65D spacing were reported by Johnson (2003) while this thesis
focuses on the results for the test at 3.92D spacing. This test was conducted on 15
closed-ended steel pipe piles with an outside diameter of 324 mm (12.75 in). The
arrangement consisted of five rows of three piles spaced at 3.92 pile diameters (1.27 m or
50 in) center-to-center. The cyclic lateral load testing was conducted up to a maximum
deflection level of 86 mm (3.4 in). The piles were driven to an average depth of 11.6 m
(38 ft). The pile group was statically loaded against two 1.22 m diameter (4 ft) reinforced
concrete drilled shafts. This was done to provide a comparison of the effectiveness of
two deep foundation types. However, this comparison is the focus of a third thesis that is
being undertaken by Raquel King.
Dynamic load tests were performed at six load levels. A 311 kN (35 ton)
statnamic device was used to apply load to the pile group dynamically within a few tenths
of a second. Five of the test blasts were performed as a final cycle after the static cyclic
loading at that particular load level had been completed. One blast pushed into virgin soil
thus acting as a first cycle test.
A single pile placed approximately six feet west of the pile group was then
cyclically loaded at similar deflection levels. No dynamic loading was performed on the
single pile. The results from the single pile test provided a useful comparison to the
response of the individual piles in the pile-group.

5

After the tests were finished, extensive analyses were performed on the collected
data. Graphs were generated comparing load, deflection, and bending moments in order
to evaluate the results of the test. Computer programs such as LPILE Plus version 4.0
(Reese et al., 2000) and GROUP version 4.0 (Reese and Wang, 1996) were used to
develop reasonable matches to the measured results. LPILE was used to provide a match
to the single pile results. Values for p-multipliers were then manually input into GROUP
to back-calculate reasonable p-multipliers for each row.
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CHAPTER 2 – LITERATURE REVIEW
2.1

INTRODUCTION
Research conducted on the behavior of laterally loaded pile groups generally

consists of two basic types, namely full-scale and small-scale or model testing. Tests that
have been conducted since the early 1920’s provide a body of information concerning
laterally loaded pile groups. Evaluation of pile group response has also been attempted
using numerical models; however, these studies will not be discussed in this literature
review. Full-scale tests are generally believed to provide the most accurate results but are
rarer because of the large costs required to successfully perform a test. Therefore, a
greater amount of information is available concerning centrifuge and model testing. The
next few sections will discuss the results of previous research in these three areas. The
experimental studies are discussed in chronological order according to the published date.

2.2 FULL-SCALE TESTS
Lateral Pile-Loading Tests (Feagin, 1937)
Tests were conducted in Alton, Illinois at Lock and Dam No. 26 with the results
as well as discussions published by Feagin (1937). The tests were conducted in
Mississippi River sand on concrete and timber single piles and pile groups of four,
twelve, and twenty piles with a pile head fixity provided by a pile cap. The main purpose
of the test was simply to “secure data on the movement of timber and concrete pile
groups of various sizes when subjected to lateral loads.”
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All pile groups were arranged in a 2xN configuration and spaced about 3 pile
diameters. Feagin (1937) concluded that for movement less than 6 mm (0.25 in), average
resistance per pile is similar for all pile groups. For larger movements, the average pile
resistance decreases as the number of piles in the group increases. Numerical analyses
were not performed thus no reduction factors (i.e. group efficiencies or p-multipliers)
were proposed.
Full-Scale Lateral Load Tests of Pile Groups (Kim and Brungraber, 1976)
Kim and Brungraber (1976) performed full-scale lateral load tests in cohesive soil
in Pennsylvania. The soil profile consisted of relatively uniform clay underlain by
fractured limestone. Three 2x3 pile groups spaced at 3.6D and 4.8D and two isolated
single piles were formed with 10BP42 steel piles in a fixed head condition. One of the
pile groups had some of the piles battered and one single isolated pile was battered. Pile
groups with some battered piles provided more resistance with less bending stresses.
Increased spacing increased the resistance of the pile group but the average load per pile
for the group tests was lower than that for a single isolated pile at the same deflection.
Pile Cap Soil Interaction from Full-Scale Lateral Load Tests (Kim et al., 1979)
Kim et al. (1979) conducted another test on the same pile groups and single piles
used by Kim and Brungraber (1976). In these tests, 100 mm (3.9 in) of soil from under
the cap was removed and the load-deflection curves were compared the results with the
previous test. Analysis confirmed the result from the previous tests that increasing the
spacing or battering the piles can improve the efficiency of the pile group. The absence
of contact of the soil underneath cap became significant at relatively high lateral loads
(greater than 74 kN/pile [16.7 kips/pile]) but only when less than half of the piles were
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battered. The removal of the soil layer resulted in deflections and maximum bending
moments that were nearly twice what was observed with the soil contact. Group
efficiencies were determined by comparing the lateral resistance of a single isolated pile
to the resistance of a fixed head pile within the group. The group efficiency possibly
exceeded a value of 2.0 for moderate lateral loads or deflections. However, as the load
approached yield for some of the piles, the lateral group efficiency decreased and
approached unity meaning a pile within the group was no better than a single isolated pile
with no restraint at the pile top. Group efficiency greater than 1.0 is attributed to the
restraint of the pile cap causing double curvature bending for the piles in the group.
Pile Group Behaviour under Long Time Lateral Monotonic and Cyclic Loading
(Meimon et al., 1986)
Full-scale lateral load tests were conducted on 3x2 pinned head pile groups
spaced at three pile widths (I-beam cross section) in the loading direction and two pile
widths normal to the load direction. The piles used were box-shaped I beams with a
height of 0.270 m (10.6 in) and a width of 0.284 m (11.2 in) and were driven to a depth of
7.5 m (24.6 ft). The subsurface profile contained 1 m (3.3 ft) of high plasticity clay
underlain by 4 m (13 ft) of low plasticity clay and 4 m (13 ft) of silty sand.
Results showed there were increased group interaction effects leading to reduced
stiffness as the load was increased. Higher shear and bending moment was measured in
the lead row piles compared to the trailing row piles, although, the shear and bending
moments were similar for individual piles within a given row. Meimon et al. (1986)
concluded that the group interaction factors for each row approached unity with large
numbers of load cycles.
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Cyclic Lateral Loading of a Large-Scale Pile Group (Brown et al., 1987)
Tests were performed on nine closed-ended steel pipe piles (273 mm O.D., 9.27
mm wall thickness) in Houston, Texas. The subsurface profile consisted of stiff, over
consolidated clay to a depth of 13.1 m (43 ft) with water above the ground surface. The
piles were arranged in a 3x3 pattern spaced at 3D in both directions.
Brown et al. (1987) concluded that the depth to the maximum bending moment
increased from front row to back row. The bending moments were greater for the piles in
the group than the single pile and occurred at greater depths. The front and middle row
experienced similar maximum bending moments whereas the back row was lower in
magnitude. P-y curves were generated based on the Winkler-type soil model with
polynomial curve fitting to the bending moment data.
The maximum soil resistance for piles within the group was significantly reduced
compared to the single pile for both static and cyclic loadings. The pile group deflection
was significantly greater than the single pile under the same average load per pile.
Brown et al. (1987) concluded that the elasticity-based methods did not accurately predict
the distribution of load within a pile group and that empirical modification factors were
necessary.
Lateral Load Behavior of Pile Group in Sand (Brown et al., 1988)
A full-scale test was conducted on a 3x3 pile group in medium dense sand (SP)
placed and compacted to a depth of 2.9 m (9.5 ft) underlain by very stiff clay. The sand
had a relative density (Dr) of 50%. The same type and size of steel pipe pile was used for
this test as was used in the full-scale test conducted by Brown et al. (1987). The pile
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group was spaced at 3D on centers. In addition, a single isolated pile was tested for
comparison. The piles were subjected to two-way cyclic lateral loading.
Brown et al. (1988) concluded that the pile group “was observed to deflect
significantly more than the isolated single pile when loaded to a similar average load per
pile.” In addition, the row position had an effect on the efficiency of the particular piles.
The front row piles exhibited stiffer responses than the trailing rows. In addition, no
pattern was observed of the pile position within a given row. The “shadowing” effect was
more significant in the sand compared to the clay as was reported in Brown et al. (1987).
However, when the piles were subject to two-way cyclic loading, group effects were still
significant in the sand. This is contrary to the reduced significance of “shadowing” with
cyclic loading that was observed in clay.
The p-y curves were generated using the Winkler-type soil model and polynomial
curve fitting. Typical p-y curves for the single pile generated are shown in Figure 2.1a.
The concept of p-multipliers was introduced to modify the single pile p-y curve to
generate the group pile p-y curve. This was performed at various depths by methods of
visual curve fitting of the p-y curves. The results of the p-multiplier determination are
presented in Figure 2.1b. Brown et al. (1988) suggested using p-multipliers of 0.8, 0.4,
and 0.3 for the front, middle, and back rows, respectively.
Evaluation of Laterally Loaded Pile Group at Roosevelt Bridge (Ruesta and Townsend
et al., 1997)
Full-scale lateral load tests were conducted on prestressed concrete piles with an
87 mm square (3.4 in square) cross section. Two pile groups, one in a free-head
condition and one in a fixed-head condition, were arranged in 4x4 pattern spaced at 3D
on centers in each direction. A single pile was also tested for comparison. The soil
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(a)

(b)
Figure 2.1 (a) Comparison of experimental and computed p-y curves for a single
pile and (b) experimental p-multipliers (fm) vs. depth (Brown et al., 1988).
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profile consisted of loose sand to a depth of 4 m (13 ft) overlaying cemented sand.
Figure 2.2 represents the measured p-y curve for the free-head pile group at a
particular depth of two pile diameters. The group load-deflection efficiency was 80%.

Figure 2.2 P-y curves for 1.5 m (4.9 ft) depth (Ruesta and Townsend, 1997)

The back-calculated p-multipliers for the free-head group were determined to be
0.8, 0.7, 0.3, and 0.3 from leading to trailing rows respectively with an overall group pmultiplier of 0.55. Similar results were obtained for the fixed-head group. Ruesta and
Townsend (1997) also concluded that the outer piles within a row took more load than
the inner piles attributed to shadowing as well as pile driving sequence. For a given load,
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the maximum bending moments for all rows were within 15% of each other with lower
bending moments in the trailing rows.
Lateral Load Behavior of Full-Scale Pile Group in Clay (Rollins et al., 1998)
Rollins et al. (1998) conducted tests on a 3x3 pile group spaced at 2.82D with a
pinned-head connection. This experimental study was conducted approximately 10
meters east of the site used for this thesis. The soil consisted of soft to medium-stiff clays
overlaying dense sand. A single pile test was conducted to provide a comparison.
Closed-end steel pipe piles with an inner diameter of 0.305 m (1 ft) and 9.5 mm (0.375
in) wall thickness were used. The pile group deflection turned out to be more than two
times the single pile for the same average load applied. The p-multiplier approach was
used to provide a match between computed and measured results. The p-multipliers were
determined to be 0.6, 0.38, and 0.43 for the front, middle, and back rows respectively.
Static and Dynamic Lateral Load Behavior of Pile Groups Based on Full-Scale Testing
(Rollins et al, 2003a)
Rollins et al. (2003a) conducted a full-scale test on a 3x3 pile group spaced
5.65D. This test was performed in conjunction with the research for this study at the
same site. The subsurface profile consisted of low-plasticity silts and clays. The tests
were conducted on 324 mm O.D. (12.75 in) closed-end steel pipe piles. To account for
the reduced resistance of the pile group compared to a single isolated pile, p-multipliers
were back calculated using GROUP (Reese and Wang, 1996). Table 2.1 outlines the pmultipliers obtained from Rollins et al. (1998) and Rollins et al. (2003a). In Figure 2.3,
the current recommended design curve for this soil type is provided for the leading and
trailing rows. Since this study was performed on a 3x5 pile group spaced at 3.92D,
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Table 2.1 Summary of back-calculated p-multipliers (Rollins et al., 2003a)
Pile Group
Spacing/Pile
Diameter (S/D)

Front-Row
P-multiplier

Middle-Row
P-multiplier

Back-Row
P-multiplier

2.8

0.6

0.38

0.43

5.65

0.98

0.95

0.88

(a) Leading Row P-M ultipliers
1.2
1.0

P-Multiplier

0.8

0.6
Reese and Wang (1996)

0.4

Rollins et al. (2003a)
AASHTO (2000)

0.2
0.0
2

3

4
5
6
Pile Spacing (c-c)/Pile Diameter

7

8

(b) T railing Row P-M ultipliers
1.2
1.0

P-Multiplier

0.8
0.6
0.4

Reese and Wang (1996)
Rollins et al. (2003a)
AASHTO (2000)

0.2
0.0
2

3

4

5

6

7

8

Pile Spacing (c-c)/Pile Diameter

Figure 2.3 Recommended design curves compared with p-multiplier values as a
function of pile spacing for (a) leading row multipliers and (b) trailing row
multipliers.
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additional p-multipliers will be added to the plot further refining the recommended design
curve. This will be discussed in later chapters.
Rollins et al. (2003a) concluded that the lateral resistance of a pile within a
closely spaced pile group is a function of row location within the group and not within
the row as has been shown by elastic theory. The “group effects” were less noticeable as
the spacing increased from 2.8D to 5.65D. In both cases, the average resistance per pile
in the group was lower than a single isolated pile for the same deflection. The leading
row carried the greatest load compared to the trailing rows. Extrapolation of the test data
reveals that at about 6.5D, pile-soil-pile interaction effects can be neglected. Using
LPILE and GROUP, the lateral resistance of the piles within a group can be reasonably
estimated using the design curve in Figure 2.4 to determine p-multipliers. These pmultipliers can be supplied by the user to determine the appropriate p-y curves.
Response, Analysis, and Design of Pile Groups Subjected to Static and Dynamic
Lateral Loads (Rollins et al., 2003b)
Full-scale tests were performed in Salt Lake City, Utah several miles south of the
test site for Rollins et al. (1998, 2003a) and this study. The soil profile at this site
consists mainly of medium stiff clays with some sand layers close to the surface. The
medium stiff clay is underlain by soft clay with some layers of silty clay and sand. The
full-scale tests were performed on three single piles and four pile groups spaced at 3.0,
3.3, 4.4 and 5.6 pile diameters. The free-headed pile groups ranged from a 3x3 to a 3x5
configuration.
Several conclusions were drawn from these full-scale tests. First, the lateral
resistance of the piles within the group was a function of row location. The elastic theory
predicts that the outer piles within a row will carry more load than the center piles. This
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could not be verified by these tests since no pile within the row consistently carried more
load. Additionally, the front row piles carried more load than the trailing row piles with
the second row carrying the next highest load followed by the third row. However, the
fourth and fifth rows carried approximately the same load as the third row with the back
row carrying a slightly higher load than the preceding row. Spacing also affected the
lateral resistance of the pile groups. The group spaced at 5.6D showed very little
reduction in lateral resistance. However, lateral resistance consistently decreased with
closer spacing.
The maximum bending moments in the trailing rows tended to be higher for a
given load and occurred at a lower depth due to group effects causing reduced soil
resistance close to the surface. However, for a given deflection maximum bending
moments in the lead row were higher than the trailing row, which can be attributed to the
lower loads carried by the trailing rows for a given deflection level.
Piles of different diameters were tested. One pile group had piles with 610 mm
OD (24.5 in) at 3D spacing and the other remaining groups had piles with 324 mm OD
(12.75 in). One pile group with the latter outer diameter was spaced at 3.3D.
Comparisons of these two pile groups resulted in similar p-multipliers suggesting that
pile stiffness has little effect on p-multipliers. The p-multipliers were back calculated
using LPILE to match the single pile and GROUP to determine p-multipliers. Analyses
were performed with the test results being compared with GROUP and FLPIER (Hoit et
al., 1997). The default p-multipliers supplied by the computer programs resulted in errors
suggesting modifications to the default p-multipliers were needed. A summary of backcalculated p-multipliers is included in Table 2.2.
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Table 2.2 Summary of back-calculated p-multipliers (Rollins et al., 2003b)
Row Spacing
Pile Diameter
P-multipliers
Row 1 Row 2 Row 3 Row 4
Row 5
Center to Center
(mm)
5.6
324
0.94
0.88
0.77
--4.4
324
0.90
0.80
0.69
0.73
-3.3
324
0.90
0.61
0.45
0.45 0.51 to 0.46
3.0
610
0.82
0.61
0.45
---

2.3

SMALL-SCALE TESTS
There are two categories of small-scale model tests. There are those that utilized a

centrifuge and those that did not. This first section will discuss centrifuge model tests
and their results.
2.3.1 Centrifuge Testing
One of the popular methods of conducting a model test is to use a centrifuge
apparatus. The basic theory behind centrifuge modeling is “similitude” as well as
“increased gravitational forces.” (Gerber, 2003) A model is accelerated about an axis to a
level that the inertial forces resemble gravitational forces experienced by the prototype.
A model on a 1/20 scale would need to be accelerated to 20g to effectively model stresses
and strains caused by normal gravity on the prototype. Of course there are advantages
and disadvantages to centrifuge modeling. One major advantage is the reduced costs as
well as the ability to repeat tests changing some parameters for comparison. Major
disadvantages include the difficulty in scaling the particle sizes from model to prototype
as well as the need to provide more viscous fluids to model water. Usually these
limitations are ignored causing researchers and designers to call the results into question
(Gerber, 2003).
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Response of Pile Groups to Lateral Loading in the Centrifuge (Barton, 1984)
Piles driven into fine sand had diameters that ranged from 9.5 to 16 mm (3/8 in to
5/8 in) with centrifugal acceleration from 30g to 120g. This corresponds to prototype
diameters up to 1.6 m (5.25 ft). Tests were performed on single piles and pile groups of
two, three, and six piles. These model piles were tested cyclically at spacing of 2D, 4D,
and 8D. The load was applied at 0, 45 and 90 degrees.
For analysis, interaction factors proposed by Poulos (1971) were used to
determine the group effects. An interaction factor (α) is added to 1.0 and multiplied by
deflection (y) of a single isolated pile. This applies if two piles are within the same area
interacting with each other. If multiple piles are present such as a 3x3 pile group, the
principle of superposition can be applied to determine the group interaction factor (α G).
This is done by adding all the interaction factors for each pile together.
The research was intended mainly to evaluate the accuracy of the elastic methods
of analysis and determine if non-linear analysis was necessary to model pile group
response. Barton (1984) concluded that the elastic method did indeed under-predict pile
group interactions at a very close spacing and at a larger spacing; the interaction factors
were over predicted. This shows that soil non-linearity has a major affect on the strain
field around a laterally loaded pile even at small strains. Barton (1984) also determined
that the “experimentally derived factors for pairs of piles can be superimposed to give a
good prediction of the overall interaction factors for larger groups of piles.”
Single Piles and Pile Rows Subject to Static and Dynamic Lateral Load (Kotthaus et
al. 1994)
Aluminum piles were used as the model and had an outer diameter of 30 mm (1.2
in) with a thickness of 4 mm (0.16 in). The piles were embedded to a depth of 600 mm
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(23.6 in). A model pile cap was used to create a fixed-head condition. The conditions
and parameters of the model were intended to simulate the effects on a 1.5 m OD (4.9 ft)
concrete pile embedded about 30 m (98 ft). A centrifugal acceleration of 50g was applied
to simulate prototype conditions. Single piles and pile groups with rows of three piles
were tested. The tests were conducted in very dense sand with a friction angle of 38
degrees and a relative density (Dr) of 98%.
Comparison of average row load (Hi) divided by single pile load (Hs) and
deflection (u) divided by pile diameter (D) was made for the front, middle and rear pile
applicable to a spacing of 3 or 4D. The efficiency (Hi/Hs) for the middle and rear piles
leveled at 0.62 (u/D). The front pile was similar to a single pile with values ranging from
0.95 to 1.0. These efficiencies stabilized at a deflection level of 10% of the pile diameter.
Centrifuge Modeling of Laterally Loaded Pile Groups in Sands (McVay et al., 1994)
The study was intended to observe the effects of soil density and pile spacing on
the total lateral resistance and individual row response of the group. Twenty tests were
conducted in dry sand at different densities and pile spacings. McVay et al. (1994)
concluded that soil density had a relatively minor effect on load distribution within a
group. Comparisons of the groups spaced at 3D to those at 5D revealed that the group
capacity increased as spacing increased and the variation in load between individual rows
became less pronounced. This supports the “shadowing” theory proposed by Brown et
al. (1988).
Lateral Response of Three-Row Groups in Loose to Dense Sands at 3D and 5D Pile
Spacing (McVay et al., 1995)
McVay et al. (1995) performed centrifuge tests on single and 3x3 pile groups
spaced at 3D and 5D. The centrifuge modeled 430 mm (17 in) O.D. piles about 13 m
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(42.7 ft) in length. The piles were driven into medium loose and medium dense sands.
The “shadow effect” was concluded to be a function of pile spacing and soil density.
Brown et al.’s (1988) p-multiplier approach is sufficient in matching the total group load
as well as row distribution up to large deflections. For the group spaced at three pile
diameters in dense and medium dense sands, the p-multipliers were 0.8, 0.4, and 0.3 for
the front, middle, and back rows, respectively. For loose sands, the p-multipliers turned
out to be 0.65, 0.45, and 0.35. For the group spaced at five pile diameters, the multipliers
were constant for medium dense and loose sands at 1.0, 0.85, and 0.70.
Centrifuge Testing of Large Laterally Loaded Pile Groups in Sands (McVay et al.,
1998)
Tests were performed on 3x3 to 7x3 pile groups spaced at 3D as well as a single
isolated pile placed in loose and medium dense sands. McVay et al. (1998) concluded
that the p-multiplier concept was a valid method in predicting lateral load behavior of a
pile group. The results indicated that group response and the p-multiplier approach is
independent of soil density and mainly a function of group geometry as well as row
position. Table 2.3 shown below summarizes the p-multipliers for the individual rows.
The p-multipliers remained fairly constant after the third row up to seven rows.

Table 2.3 Suggested p-multipliers for laterally loaded pile groups
(McVay et al., 1998)
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Laterally Loaded Piles in Dense Sand: Group Effects (Remaud et al., 1998)
Lateral load tests were performed in a centrifuge at 50g on a free-headed model
two-pile group. The model piles were made of AU4G aluminum hollow piles. The 18
mm OD (0.71 in) 1.5 mm thick (0.06 in) piles were 380 mm (15 in) in length and
embedded 300 mm (11.8 in) into the soil. The piles were intended to simulate 720 mm
OD (2.36 ft) prototype piles with an embedment of 12 m (39.4 ft). The two-pile group
was arranged at a spacing of 2D for one test and 6D for the other test. The soil used for
the test was fine white Fontainebleau sand with an in-place unit weight of 16.3 kN/m3
(104 lb/ft3).
Experimental p-y curves were developed from the bending moment profiles. A
clear group effect was noticeable for pile spacing less than or equal to 6D. The group
resistance decreased 20% for 2D spacing and 5% for 6D spacing. At 2D spacing, the p-y
curve on the trailing pile was 50% that of a single pile reaction and 93% for 6D spacing.
The bending moments on the front row pile matched closely to the single pile.
2.3.2

Other Model Tests

Lateral-Load Tests on 25.4-mm (1-in.) Diameter Piles in Very Soft Clay: In Side-bySide and In-Line Groups (Cox et al., 1984)
The open-ended model piles were placed at penetrations of two, four, six or eight
pile diameters. Tests were performed on single piles and pile groups of three and five
piles at a clear spacing of 0.5, 1, 2, 3, and 5D in side-by-side or in-line configurations.
Cox et al. (1984) defined side-by-side as the loading being perpendicular to the line of the
piles. In-line configuration means the loading is parallel to the line of piles. The piles
were made of a stainless steel pipe with a wall thickness of 0.71 mm (0.028 in). The soil
used for the test was inorganic clay of high plasticity (PI = 40).
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In the side-by-side tests, trend lines showing efficiency versus clear spacing
revealed that piles arranged at 2 or 3D clear spacing produce enough resistance to match
that of a single isolated pile. The load distribution of in-line pile groups depended on the
magnitude of horizontal displacements of the pile group. Group efficiency decreased as
the number of in-line piles was increased from three to five. Extrapolation of the test data
reveals that at about 5 to 6D clear spacing, group efficiencies approach 100% (see Figure
2.4).

Figure 2.4 Measured group efficiences versus clear spacing for both in-line and
side-by-side configurations (Cox et al., 1984).
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Investigation of Cyclic Laterally Loaded Model Pile Group (Moss et al., 1998)
Tests were conducted on a 1x5 pile group in a model test facility. The model test
facility consisted of a large steel tank, 3.0 x 0.9 m (10 x 3 ft). The tank was filled with a
slurry consisting of silty clay (CL) that was consolidated by hydraulic pressure providing
an average undrained shear strength of 40 kPa (800 psf). The clay was saturated for the
duration of the testing. A single pile was also tested for comparison. The 1x5 pile group
was spaced at 3D in a pinned-head condition.
The test results showed that the response of the pile groups to cyclic lateral
loading was not accurately predicted simply by using the default p-y relationships for soft
clay soils in the presence of free water. Moss et al. (1998) attributes this result to the
“gapping at the near surface soil-pile interface and is a consequence of increased soil
compression induced by the cyclic loading.” The lead pile was forced into stiffer clay
resulting in higher loads and bending moments than the trailing rows. The trailing rows
were affected by overlap from the preceding row(s). As the soil gap at the top grew under
cyclic loading, the bending moments increased and peaked at a deeper location along the
length of the pile.
Influence of Rigidity on Laterally Loaded Pile Groups in Marine Clay (Rao et al.,
1998)
Marine clay deposits off the east coast of India were used. The clay had a PI of
30. The piles were fixed to a thin aluminum plate or pile cap using sockets. Rao et al.
(1998) suggested this pile-fixity condition is closer to a free-headed configuration.
Model piles of aluminum and mild steel pipe sections of various diameters and
embedment ratios (L/D) were used for the study. The pile group configurations consisted
of 1x2, 2x3 and 1x4 groups loaded in series and in parallel. “Parallel” was defined to
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mean the load was applied perpendicular to the line of piles. “Series” configurations
referred to the groups loaded parallel to the pile line.
The finite element method (FEM) analysis proposed by Yegian and Wright
(1973) was used for this investigation. The piles were modeled as shear beams with the
soil treated as a linear elastic continuum. The pile cap or aluminum plate was modeled as
a thin plate connecting the pile heads together. Rao et al. (1998) compared experimental
results to the analytical results provided by the FEM analysis as shown in Figure 2.5.
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0.9
0.8
0.7
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0.6
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Figure 2.5 Comparison of group efficiencies for series and parallel loading
configurations.
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Rao et al. (1998) concluded that the pile groups composed of short, rigid piles
offered greater resistance when loaded in the parallel direction than in series. This
implied the rigid pile deflection was based more on the strength of the soil than the pile
structural strength. The opposite was observed with long and flexible piles, which
exhibited greater resistance when loaded in series. Rao et al. (1998) determined that the
pile structural strength was more influential than the soil resistance in flexible piles.
Essentially, the effective moment of inertia of the pile group was greater in series
resulting in a larger lateral stiffness.
Ultimate Lateral Resistance of Pile Groups in Sands (Patra and Pise, 2001)
Model pile group configurations of 1x1, 2x1, 3x1, 2x2, and 3x2 were formed with
embedment length-to-diameter ratios (L/D) equal to 12 and 38. The piles were spaced
from 3 to 6D and were laterally loaded in dry Ennore sand from Chennai, India. The
soil-pile friction angle was also included in the analysis of the test results. Two soil-pile
friction angles were investigated, δ = 20° and 31°. Aluminum alloy pipes were used as
the model piles with an outer diameter of 19 mm and a wall thickness of 0.81 mm.
Three methods of analysis were used and compared with the experimental results.
Approaches developed by Meyerhof et al. (1981) and Prasad and Chari (1999) were
compared with the approach proposed by Patra and Pise (2001) and their experimental
observations. The method proposed by Patra and Pise (2001) was generally in close
agreement with the observed results. Meyerhof et al. (1981) and Prasad and Chari (1999)
underestimate the capacity of single piles. Meyerhof et al. (1981) also considerably overpredicts the group capacity. Essentially, the ultimate lateral capacity of a group depends
on the L/D ratio of the pile, pile friction angle, pile group geometry, pile spacing, and
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sand placement density. The load-displacement curves were found to be nonlinear. The
experimental efficiency increased 25-30% when the spacing was increased from three
pile diameters to six pile diameters.

2.4
2.4.1

LITERATURE REVIEW SUMMARY
Effects of Pile Spacing
Both the full-scale and model tests have shown that group effects are a function of

pile spacing. Kim and Brungraber (1976) noted this phenomenon. Two groups spaced at
0.9 m (3 ft) and 1.2 m (4 ft) were tested with the latter spacing resulting in 1.5 to 2 times
more load resisted at a given deflection level. Research conducted by Kim et al. (1979),
McVay et al. (1994), and others confirmed that group effects become increasingly
significant as the pile spacing decreases.
2.4.2 Row Load and Moment Distribution
The elastic theory proposes the reduction of the lateral load resistance of each
individual pile within a group depends on the soil displacements caused by other nearby
piles. The level of reduction is a function of the spacing of the piles. Consequently, the
center piles should experience a larger reduction than the outer piles since they have more
piles within their proximity with which to interact. Additionally, Poulos (1971) proposed
the corner piles would carry the greatest loads because of the greater average distance
between them and the other piles.
Ruesta and Townsend (1997) observed larger loads were resisted in the outer piles
than the middle piles when laterally loaded in sand. Yet, tests by Meimon et al. (1986) in
clay showed higher shear and moment was measured in the lead row compared to the
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trailing row, but disagreed with the elastic theory showing that the shear and moment
were similar for piles within a given row.
Brown et al. (1987) conducted tests in clay and observed similar bending
moments in the first and second rows and lower moments in the third row. The maximum
moments in trailing row piles occurred at progressively greater depths compared to the
lead row. Load was distributed by row with the lead row carrying the greatest loads
followed by the second and third row, respectively. Brown et al. (1987) also noted that
elasticity-based methods did not accurately predict the distribution of load within a pile
group.
Brown et al. (1988) observed the “shadowing” effect as well, which was more
pronounced in sands. Each row carried significantly smaller loads than the preceding
row. The lead row bending moments were similar to the single pile and the depth of
maximum bending moments was greater in the trailing rows than the lead row. Brown et
al. (1988) also normalized the bending moment curves by pile loads to reveal that larger
bending moments were resisted by the trailing row because of the reduced soil resistance.
Rollins et al. (1998) also observed that load distribution among the piles was a
function of row position in soft clays. However, the average pile load was slightly larger
in the trailing row than in the middle row. The authors believed this was due to the
differences in pore water pressures. The lateral motion of the pile group could have
created tensile forces immediately behind the pile group resulting in the developments of
the negative pore water pressures. These additional pressures may have contributed to
the lateral load resisted by the trailing row. These effects most likely would be negligible
in stiffer clays and sands.
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Rollins et al. (2003a) conducted tests at a pile spacing of 5.65 pile diameters in
the same soft clay and observed load distribution similar to previous tests with the third
row carrying smaller loads than the middle row. The authors suggested that since pile
spacing was the only parameter changed between the two tests that the negative pore
pressures developed become increasingly significant as the pile spacing decreases.
Centrifuge tests by Kotthaus et al. (1994) in very dense sand agreed with the
trends observed by the full-scale tests regarding distribution of load among the rows. The
lead row pile behaved similar to the single pile with the second and third row piles
carrying similar loads. Tests conducted by McVay et al. (1994, 1995, and 1998) in sands
of various densities proved that each row carries a smaller load than the row ahead of it
with the lead row behaving similarly to a single pile. The centrifuge tests provided no
conclusions concerning the distribution of load among the piles within a given row.
Remaud et al. (1998) was the only centrifuge test to provide any information
concerning bending moment distribution. The moments in the first row matched closely
to the single pile. Moss et al. (1998) conducted a model test verifying conclusions
regarding bending moments in the full-scale tests. In this test, maximum moments
increased and occurred at progressively deeper depths in the trailing rows as the gaps
ahead of the piles grew.
2.4.3

Spacing Leading to Negligible Group Effects
The critical spacing at which the group effects essentially disappear in the

direction of loading varies slightly among the research that has been conducted. Rollins et
al. (2003a) suggests a spacing of 6 to 6.5D in soft clays. Extrapolation of tests by Cox et
al. (1984) suggests this critical spacing to be between 5 and 6D while Rao et al. (1998)
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suggests 6D. The spacing at which the piles act as single, isolated piles could be
determined to be about 6D on average based on these various conclusions.
Cox et al. (1984) also observed that the “shadowing” effect was negligible for pile
spacings greater than 3D for the lines of piles perpendicular to the direction of loading.
This spacing has become a standard for researchers attempting to isolate the group effects
for spacings parallel to the direction of loading.
2.4.4

P-multiplier Summary
The p-multiplier approach proposed by Brown et al. (1998) has been validated by

analyses reported by McVay et al (1998), Rollins et al. (2003a,b) and other subsequent
full-scale and model tests. Although Brown et al. (1988) first published calculated pmultipliers, Brown and Shie (1991) calculated and reported p-multipliers for prior tests
conducted by Meimon et al. (1986) and Brown et al. (1987).
Ruesta and Townsend (1997) conducted tests on four-row pile groups with both
free-head and fixed-head conditions. The p-multipliers were similar in both cases. Rollins
et al. (2003b) was also able to provide one set of p-multipliers for both fixity conditions
for a 3x4 pile group.
Rollins et al. (2003a) reported the results of tests conducted on a 3x3 pile group
spaced at 5.65 pile diameters and compared it with the results reported by Rollins et al.
(1998) on a 3x3 pile group spaced at 2.82 pile diameters. At the smaller spacing, a
slightly larger p-multiplier was calculated in the trailing row compared to the second row.
However, the opposite was observed for the larger spacing. Since the tests were
conducted at the same site, design curves for p-multipliers versus pile spacing were
produced.
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Rollins et al. (2003b) reported p-multipliers for various pile arrangements up to
five rows. Where present, the fourth and fifth rows carried similar loads as the third row
with the back row carrying slightly larger loads than the preceding row. The effects of
stiffness on group effects were negligible as shown by the tests on the 610 mm dia. (24.5
in) pile piles.
The default p-multipliers supplied by GROUP were significantly larger than those
observed by full-scale tests. Use of the default multipliers would result in a nonconservative estimate of lateral capacity of a pile group as suggested by the full-scale
tests.
In Table 2.4, the p-multipliers determined from full-scale tests are summarized.
These values are plotted in Figure 2.6 and compared with two commonly used design
curves, Reese and Wang (1996) and AASHTO (2000).
McVay et al. (1995 and 1998) both reported p-multipliers for various
configurations up to seven rows. Both concluded the p-multiplier approach to be valid
method of predicting total group capacity and distribution of load among the rows even
for large deflections. Where present, the fourth row carried somewhat smaller loads than
the third row. P-multipliers were essentially constant beyond the third row except for the
back row, where a slightly higher multiplier was observed. This is similar to trends
observed by Rollins et al. (2003a,b).
Remaud et al. (1998) estimated a p-multiplier of 1.0 for piles spaced at 2D, 4D,
and 6D. This is perhaps a non-conservative estimate and may have resulted from the
configuration of the pile group being 1x2, which may not accurately represent larger pile
groups.
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Table 2.4 Summary of reported full-scale test p-multipliers
P -Multipliers
Spacing
Comments (diameters) Row 1 Row 2 Row 3 Row 4 Row 5

Researchers

Soil Type

Meimon et al.
(1986)*

stiff silty clay

---

3

0.90

0.50

---

---

---

Brown et al.
(1987)*

stiff clay

30 mm
deflection

3

0.70

0.60

0.50

---

---

Brown et al.
(1987)*

stiff clay

50 mm
deflection

3

0.70

0.50

0.40

---

---

Brown et al.
(1988)

medium dense
sand over clay

---

3

0.80

0.40

0.30

---

---

Ruesta and
sand over partially
Townsend (1997) cemented sand

---

3

0.80

0.70

0.30

0.30

---

Rollins et al.
(1998)

silts and soft clays

---

2.82

0.60

0.38

0.43

---

---

Rollins et al.
(2003a)

silts and soft clays

50 mm
deflection

5.65

0.98

0.95

0.88

---

---

Rollins et al.
(2003a)

silts and soft clays

99 mm
deflection

5.65

0.90

0.80

0.63

---

---

Rollins et al.
(2003b)

medium stiff clays
with sand

---

3

0.82

0.61

0.45

---

---

Rollins et al.
(2003b)

medium stiff clays
with sand

---

3.3

0.82

0.61

0.45

0.45

0.46

Rollins et al.
(2003b)

medium stiff clays
with sand

---

4.4

0.90

0.80

0.69

0.73

---

Rollins et al.
(2003b)

medium stiff clays
with sand

---

5.6

0.94

0.88

0.77

---

---

* Reported by Brown and Shie (1991)

The p-multipliers reported from small-scale tests are summarized in Table 2.5.
Group efficiencies were also calculated from these tests; therefore, they are included for
comparison purposes. Group efficiency has been defined to be the average load per group
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(a) Lead Row
1.2

P-Multiplier

1.0
0.8
0.6
Reese & W ang (1996)
Soft Clays
Stiff Clays
Sand
AASHTO (2000)

0.4
0.2
0.0
2

3

4

5

6

7

8

Pile Spacing / Pile Diameter (center-to-center)
(b) Second Row
1.2

P-Multiplier

1.0
0.8
0.6
Reese & W ang (1996)
Soft Clay
Stiff Clay
Sand
AASHTO (2000)

0.4
0.2
0.0
2

3

4

5

6

7

8

Pile Spacing / Pile Diameter (center-to-center)
(c) Third and Subsequent Row s
1.2

P-Multiplier

1.0
0.8
0.6
Reese & W ang (1996)
Soft Clay
Stiff Clay
Sand
AASHTO (2000)

0.4
0.2
0.0
2

3

4

5

6

7

Pile Spacing / Pile Diameter (center-to-center)

Figure 2.6 Comparison with recommended design curves and p-multipliers from
previous full-scale tests for (a) Row 1 and (b) Row 2 and (c) Rows 3-5.
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Table 2.5 Summary of reported small-scale test p-multipliers
P-Multipliers by Row
Researchers
McVay et al.
(1995)

Remaud et al.
(1998)

McVay et al.
(1998)

Sand
Density

Pattern

Dr = 55%

3x3

3

Dr = 33%

3x3

both

dense

Dr = 36%
and
Dr = 55%

Spacing
Group
(diameters) Efficiency

1

2

3

4

5

6

7

0.74

0.80

0.40

0.30

---

---

---

---

3

0.73

0.65

0.45

0.35

---

---

---

---

3x3

5

0.95

1.00

0.85

0.70

---

---

---

---

1x2

2

0.81

1.00

0.52

---

---

---

---

---

1x2

4

0.87

1.00

0.82

---

---

---

---

---

1x2

6

0.95

1.00

0.93

---

---

---

---

---

3x3

3

---

0.80

0.40

0.30

---

---

---

---

3x4

3

---

0.80

0.40

0.30

0.30

---

---

---

3x5

3

---

0.80

0.40

0.30

0.20

0.30

---

---

3x6

3

---

0.80

0.40

0.30

0.20

0.20

0.30

---

3x7

3

---

0.80

0.40

0.30

0.20

0.20

0.20

0.30

pile divided by the single pile load at the same deflection. Figure 2.7 compares the pmultipliers from the small-scale tests to the full-scale tests and recommended design
curves.
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(a) Lead Row
1.2

P-Multiplier

1.0
0.8
0.6
AASHTO (2000)

0.4

Full-Scale Tests
Small-Scale Model Tests

0.2

Reese & W ang (1996)
0.0
2

3

4

5

6

7

8

Pile Spacing / Pile Diameter (center-to-center)

(b) Second Row
1.2

P-Multiplier

1.0
0.8
0.6
AASHTO (2000)

0.4

Full-Scale Tests
Small-Scale Model Tests

0.2

Reese & W ang (1996)
0.0
2

3

4
5
6
Pile Spacing / Pile Diameter (center-to-center)

7

8

(c) Third and Subsequent Row s
1.2

P-Multiplier

1.0
0.8
0.6
AASHTO (2000)

0.4

Full-Scale Tests
Small-Scale Model Tests

0.2

Reese & W ang (1996)
0.0
2

3

4
5
6
Pile Spacing / Pile Diameter (center-to-center)

7

Figure 2.7 Comparison of full-scale and small-scale model p-multipliers for (a)
Row 1 and (b) Row 2 and (c) Rows 3-5.
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2.4.5

Cyclic and Creep Loading Effects
The effects of sustained and cyclic loading were explored by Meimon et al.

(1986). As the piles were cyclically loaded, the distribution of load among the piles
tended to be similar. Soil resistance was shown to decrease near the surface but increase
at greater depths both with sustained and cyclic loading. The reduction was attributed to
breakdown of the soil.
In tests conducted by Brown et al. (1987) in stiff clays, the row distribution also
tended towards equality among the rows with increasing load cycles, whereas the overall
group stiffness decreased. The opposite was observed in tests performed in sand by
Brown et al. (1988) where the row distribution remained distinct and only a minor
reduction in group stiffness was observed with increasing cycles. These results were
attributed to increased densification of the sands as the loads were applied cyclically.
Sand fell into the gaps behind the piles as loads were applied also contributing to the
densification. This suggests that densification of the sand would have been less
significant had the cyclic loads been applied in one direction only.
In tests conducted in clay, Moss et al. (1998) also noticed stiffness reduction with
increased cycles. This reduction was attributed to compression of the soil leading to
gapping near the surface.
2.4.6

Additional Observations
Removal of soil-cap contact was investigated by Kim et al. (1979) and discovered

to cause reduced group resistance. The group effects also became more pronounced at
larger spacings with increasing deflections. This was observed as well by clay tests
performed by Brown et al. (1987), where p-multipliers increased at larger lateral
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deflections. The lead row p-multiplier remained constant at 0.7 for both deflections of 30
and 50 mm (1.2 and 2.0 in). However, at that same deflection, the middle and trailing
row p-multipliers decreased by 0.1 from 0.6 and 0.5, respectively (Brown and Shie,
1991). This reduction can be attributed to progressive overlap of the shear zones as
deflections increase resulting in reduced soil stiffness.
Model tests have shown that group effects are correlated to the number of piles
within the group. Cox et al. (1984) noticed that group efficiencies decreased as the
number of piles in the group were increased. Model testing also attributes group effects to
deflection level. Cox et al. (1984) observed that the group efficiencies varied up to a
deflection of 10% of the pile diameter. These results are based on piles spaced at 3 and
4D. McVay et al. (1998) observed the group effect reached a constant at 5-7% of the pile
diameter.
The effect of pile length on the lateral response of the group was studied by Rao
et al. (1998). Short, rigid piles showed greater resistance when loaded perpendicular to
the line of piles than when loaded parallel indicating the rigid pile deflection was based
more on the soil stiffness than the pile structural strength. The reverse was observed with
long and flexible piles, which exhibited greater resistance when loaded parallel to the line
of piles (in series). The pile structural strength governed due to the larger effective
moment of inertia in series contributing to the lateral stiffness of the system.

2.5

RECOMMENDED DESIGN CURVES
Many researchers and organizations have published recommended design curves

that provide a correlation of p-multipliers to pile spacing (center-to-center) parallel to the
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loading direction. Some of the recommended curves are discussed in this section and
compared to p-multipliers determined from full-scale load tests.
The American Association of State Highway and Transportation Officials
(AASHTO, 2000) recommended p-multipliers for closely spaced pile groups based on
reduction values suggested by the Canadian Geotechnical Society (1978). These values
range from 1.0 at a spacing of 8D and decrease linearly to 0.25 at 3D. These multipliers
are independent of row position. The United States Navy (US Navy, 1982) endorsed
these recommendations.
Reese and Wang (1996) presented design curves for multipliers versus spacing in
the technical manual for GROUP version 4.0. Default values taken from these curves are
stored in the program and the user can opt to use these values. For the lead row, the
multipliers range from 1.0 at 3.4D to 0.87 at 2D. For the trailing rows, the values range
from 1.0 at 5.4D to 0.73 at 2D.
A design curve was also recommended by the United States Army Corps of
Engineers (US Army, 1993). The multipliers apply to all piles regardless of row position.
The p-multipliers range from 1.0 at 8D to 0.33 at 3D.
Based on results from full-scale tests, Rollins et al. (2003a) presented interim
design curves for the leading and trailing rows. The p-multiplier is 1.0 at pile spacing of
6D and 6.5D for lead and trailing rows, respectively. At a spacing of 3D, the pmultipliers are reduced to 0.6 and 0.42 for the lead and trailing rows, respectively.
Additional p-multipliers that will be determined from analyses conducted in this study of
a 3x5 pile group spaced at 3.92 pile diameters will aid in further refining of the design
curve.
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The Washington State Department of Transportation (WSDOT, 2000) also
proposed a single design curve for all piles in a group. The p-multiplier reaches 1.0 at a
spacing of eight pile diameters and reduces to a value of 0.4 at two pile diameters.
Mokwa and Duncan (2001) reviewed over 350 publications on laterally loaded
piles and proposed design curves. The curves come predominantly from 11 experimental
studies that include 29 separate tests. The curves are best line fits through the previous
data provided by various publications. For all rows, the p-multiplier is 1.0 at a spacing of
6D. For the lead row, the multiplier reduces to 0.70 at a spacing of 1D. Such spacing is
not feasible since the piles would be touching each other. At this same spacing, the pmultipliers are 0.45 and 0.30 for the second and third rows, respectively. For the fourth
and subsequent rows, this value reduces to 0.20 for 1D spacing.
Reese and Van Impe (2001) proposed equations for p-multipliers as a function of
pile spacing. For the lead row, the p-multiplier is 1.0 at a spacing of 4D and reduces to
0.85 at 2D. The trailing row curve begins with a p-multiplier of 0.62 at 2D and increases
to 1.0 at 7D.
These design curves are compared by row in Figure 2.8. Included are some fullscale test results for comparison purposes. Since AASHTO (2000), US Army (1993), and
WSDOT (2000) proposed one design curve for all rows, they are the same for each plot.
The curves by Reese and Wang (1996), Rollins et al. (2003a), and Reese and Van Impe
(2001) only apply to lead and trailing rows, thus the plots for the second row and third
and subsequent rows are identical. The curve by Mokwa and Duncan (2001) are unique
for each row. Distinct curves were proposed for the third row and fourth and subsequent
rows; hence the curve on the plot for third and subsequent rows is the average.
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Figure 2.8a Plot of proposed design curves and full-scale test results for pmultiplier versus pile spacing.
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Third and Subsequent Rows
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Figure 2.8b Plot of recommended design curves and full-scale test results for third
and subsequent rows.

2.6

CONCLUSIONS FROM PREVIOUS RESEARCH
The main conclusions that can be drawn from the review of the literature on the

subject of laterally loaded piles are as follows:
1. Group or “shadow effects” in closely spaced piles decrease the total lateral
resistance of a pile group.
2. The pile group deflects significantly more than the isolated single pile when
subject to the same average load per pile.
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3. Group effects are relatively insignificant at small deflections but become
more pronounced at higher loads or deflection levels. This effect eventually
stabilizes at a constant level.
4. Group effects are significant for piles in a group spaced at about three
diameters. These effects lessen with increased spacing.
5. The lead row in the direction of the load tends to perform similar to a single
isolated pile with the decrease in lateral resistance becoming more pronounced
in subsequent rows. Group effects relative to location within a row are
negligible as most research shows.
6. Group effects become negligible for row spacings greater than six to eight pile
diameters. The group effects of pile spacing within a row are negligible at
about three pile diameters.
7. Bending moments in closely spaced pile groups tend to be greater than in a
single isolated pile for the same load per pile.
8. The peak bending moment per pile load is greater in the trailing rows than the
lead row. Also, the peak bending moments peak at greater depths in the
trailing rows. In cyclic loading, the bending moment increases and occurs at a
greater depth.
9. The p-multiplier concept introduced by Brown et al. (1988) is a valid method
to match the total group load as well as row distribution up to large
deflections. Some research shows that p-multipliers are independent of cyclic
effects, pile-head fixity, and soil density.
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10. Computer programs such GROUP (Reese and Wang, 1996) do not provide
accurate prediction of field response suggesting the need for modifications for
various soil types and conditions.
11. GROUP with user-inputted p-multipliers that are determined from design
curves (p-multipliers vs. pile spacing) based on full-scale tests can effectively
predict pile performance.

2.7 NEED FOR ADDITIONAL RESEARCH
Based on this literature review, there are several issues that need to be addressed
by further research on laterally loaded pile groups. For instance, the bulk of the lateral
load tests on pile groups, whether model or full-scale, were performed on groups with a
spacing of 3D since this is generally the closest spacing that would be used in practice. In
addition, much of the research has only been performed on pile groups no larger than
three rows. Since there is limited knowledge of the behavior of pile groups that do not
fall within these categories, additional research and investigation needs to be performed
to adequately determine group effects. Full-scale tests need to be performed at various
configurations to verify the results of the small-scale model tests. Additionally, there is
disagreement on the actual spacing at which group effects become negligible (see Figure
2.8).
Much of the previous research conducted has been on sands of various degrees of
density especially in small-scale centrifuge models. The piles in this study have been
driven into silts and soft clays to help further identify the differences in lateral resistance
between clays and sands. Also, very little research has been conducted on the cyclic
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behavior of sands and clays at the full-scale level. The previous research conducted at
this particular site combined with this experimental study of a 3x5 pile group will help
develop and refine a design curve for this soil type.
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CHAPTER 3 – GEOTECHNICAL SITE CONDITIONS
3.1

SITE LOCATION
The test site is located approximately 300 meters north of the FAA control tower

in a large unused lot owned by the Salt Lake City International Airport as shown in
Figure 3.1. The site is a prime location for geotechnical investigations as well as
foundation testing because of the relative seclusion and free space for easier access and
mobilization of construction and testing equipment. For example, there are no overhead
obstructions such as freeway overpasses or powerlines to hinder installation of the pile
test system. The aerial photograph in Figure 3.1 was taken in 1998 prior to the
construction of the current test site. The picture illustrates the location of the test site
relative to the FAA control tower.
Another benefit of the site pertains to the subsurface profile that consists of soft
soils composed mainly of clays and silts. Relatively few full-scale pile group tests have
been performed in this soil type. In addition, fewer small-scale pile group tests have been
performed in soft clay because of the relative ease in placing and compacting sand in
model facilities. Reese and Van Impe (2001) suggest the upper portion of the subsurface
(5 to10D in depth) is of predominant importance in pile-soil interaction due to lateral
loading. While there are some sand layers in the profile, the first three meters (ten feet) is
composed mainly of soft clays and silts (CL, CL-ML, and ML).
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Figure 3.1 Aerial photograph of the pile test site taken in 1998 (courtesy of USGS).

Rollins et al. (1998) previously performed lateral load tests on a 3x3 pile group
spaced at 2.82D at this site and defined the basic soil properties. This study will provide
additional information on pile group behavior at the same site for a 3x3 pile group at
5.65D and 3x5 pile group at 3.92D. This data should provide a more refined
understanding of the group effects under lateral loads for piles driven into fine-grained
soils. Also, the response can be compared with the full-scale tests in other soil types to
help foundation designers better understand lateral resistance behavior of pile groups in
various soil types.
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3.2 PAST GEOTECHNICAL INVESTIGATIONS
The construction of the FAA control tower in 1995 provided good preliminary
subsurface information for the site. Peterson and Rollins (1996) reported a number of
tests performed on the soil providing the largest volume of geotechnical information
concerning the test site. CPT soundings were also performed in 1998. All this
information combined to provide a good base of information to draw from in determining
the appropriate subsurface profile to model in computer programs used in the analysis
stage of the research.
Conventional sampling was performed at the site so that standard ASTM
laboratory tests could be performed. Thin-walled Shelby tubes were used to collect
undisturbed samples. Some disturbed samples were extracted using a split-spoon sampler
while others were collected using hand augers limited to shallow depths of up to five
meters (16 feet).
Laboratory testing was performed at the Brigham Young University soils
laboratory. Tests were performed on the field samples to determine particle size
distribution, Atterberg limits, soil classification (USCS), shear strength, and
consolidation properties.
In-situ testing also was performed at the site providing valuable information. The
in-situ tests included cone penetrometer (CPT) testing, dilatometer (DMT) testing,
pressuremeter (PMT) testing, standard penetration (SPT) testing, and vane shear (VST)
testing. Figure 3.2 shows the locations of all the soil tests performed from 1995 to 1998
around the pile cap. The test locations were usually within two to six meters (6.5 to 20
feet) of the 3x3 pile group.
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Figure 3.2 Layout of test site with locations of tests performed both old and new.
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3.3 ADDITIONAL GEOTECHNICAL INVESTIGATIONS
Since most of the past tests were performed southeast of the current test site,
additional tests were needed to validate the results for the soil closer to the new test area.
This was particularly necessary for the 9-pile group and drilled shafts since they are
situated farther away from the pile cap than the 15-pile group. Hence, more tests were
performed in 2002 and 2003. Comparisons aided in refining the subsurface profile to
match the conditions of the new site.
The original ground surface was overlain by a 1.5 to 1.7 meter-thick (5 to 5.5 feet)
layer of dense sandy gravel fill. This layer was excavated to reveal the layer of the soft
fine-grained soil of interest. The piles were then driven into the soft soil and blow counts
recorded. In addition to the two new pile groups, two 1.22 m (4 ft) drilled shafts were
installed at a distance of 7.92 m (26 ft) north and south of the lead rows of the 3x5 and
3x3 pile groups, respectively.
Conventional sampling, laboratory testing, and in-situ testing were performed in
2002 and 2003. Disturbed and undisturbed samples were collected using hand augers and
drill rigs. CPT tests were the only in-situ tests performed. Figure 3.2 also marks the
locations of the new tests.

3.4

CONVENTIONAL SAMPLING
Hand augers were used to obtain disturbed samples at shallow depths and in close

proximity to the pile groups down inside the excavation. Samples were collected every
0.3 m (1 ft) until collapse of the sand into the hole prevented extraction of samples at
deeper depths. Since testing involving truck-mounted equipment had to be performed
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outside the excavation area, samples from the hand auger holes were better fit to classify
the soils in the critical top 3 to 5 meters (10 to 16 feet).
RB&G Engineering, Inc. performed drilling and sampling at the test site as well
as for the FAA control tower. Both undisturbed and disturbed samples were extracted
from three drilled holes (DH-W-96, DH-02 and DH-03). For DH-W-96, samples were
taken every 0.5 m (1.5 ft) up to a depth of about 10 m (33 ft). Cohesionless soils were
obtained using a standard 50.8 mm (2 in) diameter split spoon sampler. Thin-walled
shelby tubes that were 76 mm (3 in) in diameter were used to collect undisturbed
samples. The water table was generally encountered at the base of the gravel layer.
However, during the winter, the water table dropped as much as 0.7 meters (2.3 ft) below
the base of the gravel layer.

3.5 LABORATORY TESTS
All samples were tested in the soils laboratory at Brigham Young University. The
testing consisted of five different classes; particle size distribution, Atterberg limits, soil
classification, shear strength testing, and consolidation testing.
3.5.1

Particle Size Distribution
Two methods of testing were utilized to determine particle size distribution, sieve

and hydrometer analyses. Both tests were performed in accordance with ASTM D-2487.
The soil from the first 1.5 meters (5 feet) had a high percentage of fines ranging from 6595%. Below that to a depth of three meters (ten feet), the fines content ranged from 4080%. Granular soils were encountered after that with a percentage of fines of only 2040%.
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3.5.2

Atterberg Limits
Atterberg limits were also determined from the collected samples. This testing

included determining liquid limits (LL) and plastic limits (PL) from which the plasticity
index (PI = LL - PL) was calculated. Atterberg limit tests were performed in accordance
with ASTM D-4138. Generally, the soils exhibited low plasticity with a PI of 20 or less.
At about 1.7 m (5.5 ft) below the excavated ground surface, the soils were generally nonplastic silts and sands. In-situ moisture contents (wn) were typically found to be similar to
the liquid limits of the soils with plasticity. However, in some cases the wn was higher
than the LL indicating the possibility of sensitive soils existing in the profile.
3.5.3

Soil Classification
With particle size distribution and Atterberg limits, enough information was

available to classify the samples according the Unified Soil Classification System
(USCS). The soils generally were either low plasticity silts or clays (CL, CL-ML, ML)
and poorly graded or silty sands (SP, SM).
Hand augers samples were tested and classified in 2003 (H-03-N and H-03-S) to
define the layers of the critical upper zone. The results are shown in Tables 3.1 and 3.2.
Some variations occur between these two test locations. At a depth of about one meter, a
layer of medium to high plasticity clay was present in H-03-S. This layer was not present
in H-03-N where the upper 1.5 meters (5 feet) contained soils with relatively constant
plasticity and classification. The two profiles however are in general agreement.
3.5.4 Shear Strength Tests
To determine the shear strength of the soil samples, Unconsolidated-Undrained
(UU) triaxial tests were performed on samples from DH-96-W, DH-02, and DH-03
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Table 3.1 Particle size distribution and Atterberg limits for samples from H-03-N
Depth Below
Excavated
Ground Surface
(m)
0.24
0.55
0.85
1.16
1.46
1.77
2.07
2.38
2.68
3.29
3.60
3.90

Natural
Moisture
Content
(%)
22
42
36
31
28
30
27
28
27
29
27
27

Grain Size
Distribution
Sand
Fines
(%)
(%)
36
64
21
79
18
82
15
85
9
91
45
55
44
56
32
68
49
51
74
26
72
28
80
20

Atterberg Limits
Liquid
Plasticity
Limit
Index
(%)
(%)
28
10
44
10
33
13
33
12
31
9
N/A
NP
N/A
NP
N/A
NP
N/A
NP
N/A
NP
N/A
NP
N/A
NP

Classification
(USCS)

Sandy Lean Clay (CL)
Silt with Sand (ML)
Lean Clay with Sand (CL)
Lean Clay with Sand (CL)
Lean Clay (CL)
Sandy Silt (ML)
Sandy Silt (ML)
Sandy Silt (ML)
Sandy Silt (ML)
Silty Sand (SM)
Silty Sand (SM)
Silty Sand (SM)

Table 3.2 Particle size distribution and Atterberg limits for samples from H-03-S
Depth Below
Excavated
Ground Surface
(m)
0.30
0.61
0.91
1.22
1.52
1.83
2.13
2.44
2.74
3.05
3.35
3.66
3.81-3.96

Natural
Moisture
Content
(%)
40
43
33
36
30
33
30
31
27
32
31
30
26

Grain Size
Distribution
Sand
Fines
(%)
(%)
26
74
21
79
6
94
38
62
38
62
61
39
24
76
22
78
38
62
41
59
62
38
67
33
71
29

Atterberg Limits
Liquid
Plasticity
Limit
Index
(%)
(%)
39
10
32
9
46
25
24
1
23
3
N/A
NP
25
3
N/A
NP
24
3
N/A
NP
N/A
NP
N/A
NP
N/A
NP

Classification
(USCS)

Sandy Silt (ML)
Silty Clay w/ Sand (CL-ML)
Lean Clay (CL)
Sandy Silt (ML)
Sandy Silt (ML)
Fine Sand w/ Silt (SM)
Sandy Silt (ML)
Sandy Silt (ML)
Sandy Silt (ML)
Sandy Silt (ML)
Silty Sand (SM)
Silty Sand (SM)
Silty Sand (SM)

(ASTM D-2850). Pocket torvane shear tests were also performed on samples from DH96-W. Unconfined compression tests (ASTM D-2166) were also performed on samples
from DH-03.
The undrained shear strength (Su) increased in a linear fashion from a depth of 3
to 10.5 meters (10 to 34 ft) with most of the samples ranging from 25 to 60 kPa (500 to
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1300 psf). However, soils near the ground surface exhibited much higher shear strength,
indicative of overconsolidation due to dessication. The triaxial tests also were essential in
determining the ε50 values or the strain at which 50% of the Su is mobilized. In computer
programs such as LPILE, the ε50 value is important in generating p-y curves for cohesive
soils.
3.5.5

Consolidation Tests
Consolidation tests were also performed in accordance with ASTM D-2435 on

samples from DH-96-W to determine the consolidation behavior of the soils. The
preconsolidation pressures (σ’c) were determined from the results. In comparing the
preconsolidation pressures to vertical effective stresses (σ’o), the soil layers were
overconsolidated up to a depth of about 10 m (33 ft). The overconsolidation ratio (OCR)
ranged from 2.8 at 1.7 m (5.5 ft) depth to 1.2 at 10 m. The effective vertical stress was
calculated based on a moist unit weight of 23.6 kN/m3 (150 pcf) for the compacted gravel
fill and saturated unit weight of 18.9 kN/m3 (120 pcf) for the soil from 1.7 m to 10 m
depth below the top of the gravel fill.

3.6

IN-SITU TESTS

3.6.1 Cone Penetrometer Testing (CPT)
CPT testing was performed at seven locations around the test site in accordance
with ASTM D-3441. Two CPT soundings were performed in 1996 no closer than six
meters (20 feet) from the pile cap. Two additional CPT soundings were performed in
1998 within a couple of meters from the east and west sides of the pile cap. In 2003, three
more soundings were performed closer to the new pile groups and drilled shafts. Tip
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resistance (qc), sleeve friction (fs), and pore water pressure (u) were measured. The
friction ratio (Fr) was computed by dividing fs by qc.
RB&G Engineering performed the test at CPT-96-W with an electric cone
mounted on a drill rig. Measurements were taken manually every 100 mm (3.9 in). AltaGeo, Inc. performed the test for CPT-96-SE using a 180-kN (20 ton) truck mounted
piezo-cone. Measurements were recorded by an automated data acquisition system every
10 mm (0.40 in). ConeTec, Inc. performed the remaining five CPT soundings using a
180-kN truck mounted electric cone. Measurements for the tests were also recorded by
an automated data acquisition system but at a depth interval of 50 mm (2.0 in).
A comparison of the data recorded from CPT-96-W and CPT-96-SE can be found
in Figure 3.3. The tests performed in 1998 are compared in Figure 3.4. Figure 3.5 shows
the results of the three CPT soundings performed in 2003. Figure 3.6 compares CPT
soundings southeast of the pile cap to those west of the pile cap. Note that there is a
higher tip resistance at a depth of 1 to 1.5 meters (3.3 to 5 ft) on southeast side. CPT-96W and CPT-98-W both have similar tip resistances at a depth of 1 to 1.5 meters
compared to the 2003 CPT soundings. Figure 3.6 also shows the sand layer from 2.5 to 5
meters (8.2 to 16.4 feet) depth below the excavated ground surface is much thicker for
the CPT sounding on the southeast side of the pile cap.
Interpreted soil profiles were prepared from the CPT tests results based on soil
behavior classification charts. A classification chart developed by Robertson et al. (1986)
was used for these CPT soundings. Normalized charts that account for vertical effective
stress are also available in Roberston (1990) but were not used for the CPT soundings at
this site.
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Figure 3.3 Comparison of measured results from two CPT soundings as reported in Peterson and Rollins (1996).
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Figure 3.4 Comparison of measured results from two CPT soundings performed in 1998.

-200

0

200

400

600

800

Tip Resistance, q c (kPa)
0

5000

10000

15000

20000

Sleeve Friction, fs (kPa)
25000

0

50

100

150

200

250

Friction Ratio, F r (%)
300

0

2

4

6

Pore W ater Pressure, u (kPa)
8

10

0

1

CPT-03-N
CPT-03-M

2

CPT-03-S

3

57

Depth Below Excavated Ground Surface (m)

4

5

6

7

8

9

10

11

12

13

14

15

Figure 3.5 Comparison of measured results from three CPT soundings performed in 2003.
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Figure 3.6

Comparison of previous CPT soundings with a new sounding performed in the vicinity of the 15-pile group.

The interpreted profiles from the CPT results agree fairly well with the profiles
given in Tables 3.1 and 3.2. Based on the CPT, the soils were classified as silts and
sensitive fines to a depth of 1.8 meters (6 feet) below the excavated ground surface. From
a depth of 1.8 to 3 meters (6 to 10 feet), the soil was classified as sandy silts. Silty sands
were then encountered by the CPT.
3.6.2

Dilatometer Testing (DMT)
DMT testing was only performed once at DMT-96-SE. This test is a method of

classifying soil type and properties based on dilatometer pressure readings. Correlation
charts relate the pressure to soil type. The DMT test involves inserting a blade into the
soil to a desired depth after which a bladder attached to the side of the blade inflates (see
Figure 3.7). Three pressure readings are taken before and after inflation, and after
deflation.

Figure 3.7 Diagram of a dilatometer blade (Peterson and Rollins, 1996).
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Four indexes called dilatometer modulus (ED), material index (ID), horizontal
stress index (KD), and pore pressure index (uD) were calculated based on the different
pressure readings. These indexes were used to classify the soil and predict the behavior
characteristics. The DMT successfully matched some of the layers based on other
laboratory and in-situ tests yet some layers were classified differently. For example, from
4 to 6.5 meters the DMT predicted a sandy silt layer while other tests predicted sand.
3.6.3

Pressuremeter Testing (PMT)
Two types of pressuremeter testing (pre-bored and push-in) were performed at

two locations both on the west side of the existing pile cap. PMT-96-1 was pre-bored
with the test being conducted with a Rocktest TEXAM model control unit and an NX
size probe (L/D ratio of 7.5). The holes were drilled using a standard tri-cone bit and
cased to one meter (3.3 feet) above the end of the probe. Water was used as drilling fluid
with the water level in the hole maintained at the top of the gravel fill. The test was
carried out using a strain-control approach (method B) as specified in ASTM D-4719-87.
This means that equal volumes of fluid were injected and the resulting pressure was
measured.
Four pre-bored holes were tested lowering the probe to four different depths. The
center of the probe was lowered to depths of 2.1, 3.5, 4.6, and 5.2 m (7, 11.5, 15, and 17
ft) below the top of the gravel fill. Plots of pressure versus relative increase in probe
radius (R/R0) were constructed. The curves were corrected for membrane resistance. The
results indicated that the upper cohesive zone was of medium consistency and the
underlying cohesionless soils were in a medium dense to dense state.
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Consolidation states were also determined from the test results. At a depth of 3.5
meters, the soils were normally consolidated. All other depths were considered
overconsolidated. These results were different from other tests performed thus raising
questions as to the validity of the results provided by the PMT. The undrained shear
strength (Su) was calculated from the results based on two different correlations provided
by Briaud (1992). The Su values determined from these correlations were slightly lower
than the values determined in the triaxial and VST tests (see Figure 3.3).
The push-in PMT was performed at PMT-96-2. Readings were taken at depths of
2.2, 3.1, and 4.0 m (7.2, 10.2, and 13.1 ft) below the top of the gravel fill. The tests
indicated higher net limit pressures (pl) and pressuremeter moduli (E0) than the pre-bored
PMT. This was expected since the insertion method was different. Compression occurs in
the soil with the push-in method causing a strength and stiffness increase. However, the
pre-boring method allows for stress relaxation and causes soil disturbance therefore
reducing the strength and stiffness of the soil. Correlation tables for the measured E0 and
p1 values were provided by Briaud (1992) and Baguelin et al. (1978). These correlations
however are for the pre-bored method and not necessarily applicable to the push-in
method. Since the push-in PMT models the installation method of piles, the pressure
versus relative probe radius increase curves developed from the tests can be used to
generate p-y curves according to a procedure outlined by Robertson et al. (1986). This
however was not examined in this study.
3.6.4

Standard Penetration Testing (SPT)
SPT testing was performed only on the cohesionless layers using a standard 51

mm (2 in) split-spoon sampler at DH-96-W. The sampler was driven by a 622 N (140 lb)
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hammer dropped from a height of 760 mm (30 in). The test procedure was performed
according to the standard methods outlined by ASTM D-1586. Corrected blow counts
((N1)60) were generally between 20 and 45 although at a depth of 6.2 m (20 ft) below the
top of the gravel fill, the blow count may have been low due to the existence of a clay
layer immediately below. Correlations provided by Kulhawy and Mayne (1990) indicated
the sand layers are in a dense to very dense state. Terzhagi and Peck (1967) provide a
correlation that indicated a medium to dense state in the sand.
3.6.5

Vane Shear Testing (VST)
Vane shear tests were performed at DH-96-W according to ASTM D-2573. The

measured Su values were corrected for PI using methods provided by Bjerrum (1972).
They were generally between 20 to 60 kPa (420 and 1250 psf). Thus, the cohesive soil
was generally in the medium strength category. One test at 2.7 m (9 ft) measured the insitu strength to be 110 kPa (2300 psf).

3.7 GEOTECHNICAL INVESTIGATIONS SUMMARY
Analyzing the results of all the tests performed reveal that the subsurface profile
varies somewhat across the site. This is expected since soil deposits do not form perfectly
horizontal and homogeneous layers. The next few sections summarize the main
parameters required for idealizing the profile in a computer model.
3.7.1

Subsurface Profile
According to Peterson and Rollins (1996), the results from DH-96-W best

represent the soil profile within the old 3x3 pile group or existing pile cap. Hence, the
results from all the tests at this location are shown in Figure 3.8. An interpreted soil
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Figure 3.8 Interpreted soil profile based on test results for DH-96-W (Peterson and Rollins, 1996).

profile is included in the figure. Based on the new tests performed this profile is similar
to the soil existing around the new pile group and drilled shafts.
An idealized profile more indicative of the conditions for the new site is shown in
Figure 3.9. The soil profile consists of cohesive soils to a depth of about three meters (10
feet) below the excavated ground surface. Below that, a sandy layer extends to a depth of
4.8 meters (15.8 feet). More layers of cohesive soils varying in consistency underlay this
sand layer to a depth of six meters (19.7 feet). Another sand layer extends to a depth of
about 8.5 meters (30 feet). Below this depth, there are interbedded layers of sands and
fine-grained soils.
The major difference between the old and new tests was the presence of greater
amounts of sand. In addition, in the upper four meters (13 ft) of the profile, the soil was
generally lower in plasticity than the soils tested by Peterson and Rollins (1996).
Higher tip resistances (qc) were encountered in the upper cohesive layer southeast
of the pile cap compared to the west side of the cap. The first sand layer also was much
denser and thicker at the 1996 site than the current site.
3.7.2 Shear Strength Summary
Figure 3.10 reports the shear strength values for the test site determined from
laboratory and in-situ tests performed in 1996, 2002, and 2003. The shear strengths of the
soils from DH-02 and DH-03 are within the range of values from the previous tests. The
1996 tests showed evidence of stiff clays in the upper 1.5 meters (5 feet) of the profile
below the gravel fill. However, this stiff layer was not encountered in any of the shear
strength tests performed near the new site. At a depth of 1.5 meters (5 feet), the shear
strength from DH-02 turned out to be about 45 kPa, which is not close to the strength
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observed in previous tests. This lower strength in the upper zone agrees with the CPT
comparisons discussed previously.
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Figure 3.9 Idealized subsurface profile for the new test site based on recent soil test
results.
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Figure 3.10 Comparison of shear strength versus depth from conventional and insitu test results.

3.7.3

Conclusions
In summary, the upper cohesive zone is represented by a softer soil profile than

reported in 1996. There were greater percentages of sand found in the cohesive zone. The
silty sand layer below the cohesive zone was much thinner than the 1996 data.
Combining these parameters indicates the potential for a softer soil response than
observed by Rollins et al. (1998) when lateral load tests are conducted on the single pile,
pile groups, and drilled shafts.
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CHAPTER 4 – SINGLE PILE LOAD TEST
4.1

INTRODUCTION
Accurate assessment of group effects can only be made if there is a single isolated

pile tested for comparison. Therefore, a single pile was installed just west of the 3x5 pile
group. The single pile cross-section was identical to the piles in the group and was
driven with the same equipment and at the same time as the piles in the group. In
addition, the single pile was loaded in a similar manner to the pile group. This chapter
will outline the test layout, instrumentation, test procedure, and results of the single pile
test.

4.2

TEST LAYOUT
A single pile was installed about six pile diameters (on centers) west of the west

pile in the third row of the group. The pile had an outer diameter of 324 mm (12.75 in)
with a wall thickness of 9.5 mm (0.375 in). The pile conformed to ASTM 252 Grade 3
specifications. Geneva steel tested piles of the same type as the single pile for the I-15
reconstruction project. The average yield strength was 404,592 kPa (58,684 psi) with a
standard deviation of 15,168 kPa (2,200 psi) based on the 0.2% offset criteria. The
average tensile strength was 584,087 kPa (84,715 psi) with a standard deviation of 17,650
kPa (2,560 psi). The tests were performed on 192 piles. Additionally, the yield moment
of the piles were determined to be 350 kN-m (258 kip-ft) according to calculations by
LPILE (Reese et al., 2000).
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The pile was driven closed-ended on June 27, 2002 to an embedment depth of
11.6 m (38 ft) leaving approximately 2.1 meters (7 feet) of piling above the ground
surface. Figure 4.1 illustrates the layout of the single pile load test. A W760x284 (AISC
Shape W30x191) reaction beam was placed against the west column of piles from the 15pile group. A 1.34 MN (150 ton) hydraulic jack was placed between the beam and a
channel section welded to the pile. The load was applied 495 mm (19.5 in) above the
ground surface. A hemispherical swivel plate was placed between the channel section
and the jack to allow for free rotation preventing any eccentric loading on the pile.

North

15-pile Group
1.34MN Load Cell
Swivel Plates

1.34MN
Hydraulic Jack

W760X284

Single Pile

Edge of
Excavation

Figure 4.1 Plan view of the test setup for the single pile.
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A photograph of the test layout is provided in Figure 4.2. Water was applied to
the ground surface around the test pile prior to the lateral load test. This prevented any
unusually stiff soil response due to desiccation of the surface following excavation of the
gravel layer.

Figure 4.2 Photograph of the single pile test layout from the northwest prior to any
loading.
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4.3 INSTRUMENTATION
Instrumentation was used to measure load, pile-head deflection, and strain with
depth. Bending moments and pile-head rotations were computed from the recorded data.
Load was measured with a 1.34 MN (150 ton) load cell placed between the jack and the
swivel plate.
The strain along the length of the pile was measured by electrical resistance type
strain gages made by Texas Measurements, Inc. (model WFLA-6-12). A total of 38 strain
gages were placed at variable depths along the length of the pile as detailed in Figure 4.3.
At each gage location, the steel pipe was sanded down to a smooth surface and cleaned
with acetone. The gages were then epoxy glued to the pile.
As is shown in Figure 4.4, an angle iron was welded to the side of the pile to
protect the strain gages and lead wires during driving. Waterproof foam was injected
inside the angle iron to seal the gages and lead wires to provide additional protection
against water damage. The angle iron increased the moment of inertia of the pile from
1.16 x 108 mm4 (279 in4) to 1.43 x 108 mm4 (344 in4).
Pile-head deflection was measured at the load point and 1.52 m (60 in) above the
load point to determine rotation. Two string potentiometers that were accurate to 0.25
mm (0.01 in) were used. The potentiometers were attached to an independent reference
frame.
All data was collected by an Optim Megadac data acquisition system.
Measurements were collected at 0.5-second intervals throughout the entire test. A total of
41 channels were required to record data from the load cell, two string potentiometers,
and 38 strain gages. A portable electric generator that supplied 8 kW with a current of 80
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amps provided the power for the system. A universal power system (UPS) filtered the
power to prevent power surges and provide an emergency power supply up to one-half
hour.

324mm

Excavated Ground
Surface

2.13m
0.46m
0.91m
1.37m
1.83m
2.29m
2.74m
3.20m
3.66m
4.11m
4.57m
5.03m
5.49m

Load Point @495mm
Above Ground Surface
Gage @ Ground Surface

Note: All Strain Gage Depths
are Relative to the Ground
Surface.

6.40m
7.32m
8.23m
9.14m
10.1m
11.3m

Figure 4.3 Strain gage location and depth along the length of the single pile.
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324mm OD,
9.5mm Thick,
Closed-Ended
Steel Pipe Pile
Strain Gages
5.1mm Angle Iron
with 38.1mm Legs
Tapered to a Close at
the Lower End

Figure 4.4 Cross-sectional view of the single pile with strain gages and welded
angle iron.

4.4

TEST PROCEDURE
The single pile was tested on August 14, 2002 after lateral load tests had been

performed on both pile groups. The pile-head was pushed to the west away from the 15pile group. The pile was initially loaded to a deflection of 4 mm (0.156 in) to check the
instrumentation. After checks were made and instruments adjusted, the pile was loaded to
nine target deflections of 6, 13, 19, 25, 38, 51, 64, 76, and 90 mm (0.25, 0.5, 0.75, 1, 1.5,
2, 2.5, 3, and 3.5 in). Once the first cycle of each target deflection was reached, the load
was held for five minutes for additional instrument checks and to provide time to
construct rough plots. These plots were used to monitor the behavior and check for
inconsistencies.
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After five minutes, the load was released and reloaded cyclically. For each cycle
after the first, the load was released once the target deflection was reached. This process
was repeated fourteen times bringing the total cycles for a given target deflection to
fifteen. The pile was loaded cyclically to model loading conditions such as ocean waves
or earthquakes. Seed et al. (1975) concluded that a magnitude 7.5 earthquake would
produce approximately fifteen cycles. In some cases, the cycles were miscounted and
only 13 or 14 cycles were applied. For target deflections of 19 and 25 mm (0.75 and 1 in)
only 13 cycles were applied. For target deflections of 13 and 38 mm (0.5 and 1.5 in) only
14 cycles were applied.
Gap formation ahead of the pile was measured for target deflections of 25 mm (1
in) or greater. The measurements were taken after all cycles had been performed and the
load released. Gaps were measured by inserting custom made rulers into the gap. These
rulers had blocks of various thicknesses attached to the end. They were inserted as deep
as possible into the gap without disturbing the soil.
Heave measurements were performed using a level and a rod. Measurements were
taken at the same target deflections as gap measurements except for the 38 mm (1.5 in)
target deflection. However, these measurements were collected with the 1st cycle load
still applied to the pile. Comparisons were made relative to the initial measured elevation
of the ground surface prior to loading. From this data, a rough image could be drawn of
the soil wedge mobilized by the pile. In Figure 4.4, the locations where heave was
measured are diagrammed. Measurements were not made until after the 25 mm target
deflection was achieved because the change would have been insignificant.
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Figure 4.5 Locations where heave was measured in front of the pile during load
tests.

4.5 TEST RESULTS
The results from single pile load tests in similar site conditions provide a useful
comparison to an individual group pile. In this section, test results with respect to load
versus deflection, gap width and ground surface heave, bending moment versus depth,
maximum bending moment versus peak load, and pile-head rotation are discussed in full
detail.
4.5.1 Load Versus Deflection
The complete time history of load versus pile head deflection is shown in Figure
4.6. The load was applied to achieve nine target deflections as is evident in the load
history. As the load was entirely removed after a cycle was completed the pile did not
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Figure 4.6 Complete load versus deflection time history for the single pile test.

return to its original zero deflection position. This residual deflection was not due to
yielding of the pile since the loads were well below the yield strength of the steel.
Instead, this residual deflection was attributed mainly to caving of the soil behind the pile
into the gap as the pile was pushed forward, preventing the pile from returning to its
original zero deflection position. Figure 4.7 provides a comparison of the load-deflection
curves for the 1st cycle, 5-minute hold, and the 15th cycle. There was a 20-30% load
reduction for a given deflection between the 1st and the 15th cycles.
Figure 4.8 shows the same 1st and 15th cycle plots along with the complete loaddeflection curve up to the peak for the last load cycle. The first part of the complete
reload curve showed little increased load with deflection or a relatively flat slope due to
gapping around the pile. Within this interval the resistance was primarily provided by the
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Figure 4.7 Comparison of peak load versus deflection for the 1st cycle, 5-minute
hold, and 15th cycle.
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Figure 4.8 Load versus deflection showing the 1st and 15th cycle peak load and the
15th cycle up to the deflection at peak load.
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flexural strength of the pile. Thus, the total resistance for the 15th cycle compared to the
1st cycle was substantially reduced in this interval. Once the pile was deflected beyond
the gap and pushed into soil, the increased resistance was manifest by a significant
increase in the slope of the curve.
The decrease in pile-soil stiffness with number of cycles can be explored more
quantitatively using the definition of pile-soil stiffness K given by the equation

K=

∆F
∆L

(4.1)

where ∆F is equal to the force or load on the pile and ∆L is the deflection corresponding
to ∆F. The stiffness values were determined from the peak load of each cycle.
In Figure 4.9, these K values are normalized by K0 or the stiffness for the 1st
cycle. The most dramatic decrease in stiffness occurred between the 1st and the 2nd cycle,
a reduction between 10-15%. In fact, the average decrease in stiffness was about 13%
between the 1st and 2nd cycle. This same average 13% decrease in stiffness occurred from
the 2nd to the 15th cycle. It does not appear that there was consistent variation of
degradation with load level.
To see this pattern of stiffness degradation more clearly, the average stiffness for
each cycle was computed and plotted in Figure 4.10. Note that the stiffness decreased in
a relatively linear fashion after the second cycle.
4.5.2 Gap and Heave Formation
As discussed in the test procedure section, gaps formed ahead of the pile were
measured after all cycles were performed for the final six target deflections. A
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Figure 4.9 Comparison of normalized stiffness with cycle number for the single pile
test.
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Figure 4.10 Average normalized stiffness versus cycle number for the single pile
test.
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photograph was taken of the gap (Figure 4.11) that formed ahead of the pile and remained
after the load was released.

Figure 4.11 Photograph of the gap formation after the load was released.

The gap formations can be visualized in Figure 4.12, which is a plot of the gap
width versus depth for the single pile test. Unfortunately, the end of the gap zone could
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not be effectively measured, thus the gap widths do not come to a close in the figure. In
all cases, the residual gap width was significantly reduced from the maximum previous
deflection. Typically, the residual deflection was 60 to 70% of the maximum previous
deflection as shown in Figure 4.13.
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Figure 4.12 Profile of gap width versus depth measured around the pile after the
cyclic loading had been performed at the given target deflections.
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Figure 4.13 Plot of the ratio of residual gap width and maximum deflection versus
maximum deflection.

The residual deflection was also the key to explaining when the lateral pile-soil
resistance began increasing. For example, the residual gap after the cyclic loads were
applied at a target deflection of 89 mm (3.5 in) was measured to be 54 mm (2.13 in).
This observation was consistent with the behavior of the slope of load versus deflection
becoming steeper for the 15th cycle at this target deflection as shown in Figure 4.8. Prior
to loading the 15th cycle at 89 mm, there was an initial residual pile-head deflection of
about 15 mm (0.6 in). The load versus deflection curve began to change to a steeper
slope at a deflection of 70 mm (2.75 in). The difference is 55 mm (2.17 in), which is very
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close to the measured gap width. This same basic behavior was observed at each target
deflection. Once the pile deflection exceeded the measured residual pile head deflection
plus the residual gap width, there was a significant change in the lateral pile-soil
resistance. This confirms that the observed behavior was caused by the pile pushing
across the gap into the soil.
A profile of heave relative to distance from the pile is shown in Figure 4.14. The
measured gap was incorporated into the profile because the location of the first few heave
measurements from pile shifted as the gap increased. This adjustment provided a better
picture of the real ground surface profile.
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Figure 4.14 Profile view of ground heave versus distance from the pile face.
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1

The ground surface heaved as much as 49 mm (1.9 in) at the edge of the gap but
gradually decreased with distance from the pile. The ground upheaval was relatively
small beyond about 0.6 m (2 ft) from the pile. Because the surface was saturated with
water, small displacements could be attributed to some inaccuracies and difficulty in
measuring elevation changes in muddy conditions. However, this knowledge is useful in
observing the behavior of the shear wedge formed as a pile is laterally loaded.

4.5.3 Bending Moment Versus Depth
The bending moment along the length of the pile was determined from the strain
gage readings. The bending moments, M, were calculated based on the equation

M=

EI (ε T − ε C )
∆h

(4.2)

where E and I are the pile modulus of elasticity and moment of inertia, respectively, εT
and εC are the strain on the tension and compression side of the pile respectively, and ∆h
is the distance between the tension and compression gages. The value of ∆h is simply the
pile diameter which is 324 mm (12.75 in) in this case. A value of 207 GPa (30,000 ksi)
was used for the pile steel. The moment of inertia used was 1.43 x 108 mm4 (344 in4),
which accounted for the angle iron used to protect the strain gages.
Some of the gages were either damaged in transport of the piles, installation, or
during testing, and thus failed to function properly. In these cases, the assumption of
force equilibrium was used such that εT should be equal and opposite to εC. Therefore,
the value of the strain for the malfunctioning gage was assumed to be equal and opposite
in sign to the strain recorded by the functioning gage when employing Equation 4.2.
83

The bending moment versus pile depth curves for the 1st cycle loads are shown in
Figure 4.15. These curves were computed from the time at which peak loads developed
as the target deflections were reached for the 1st cycle. The peak bending moment
occurred at progressively greater depths as the load increased. For example, at a target
deflection if 6 mm (0.25 in) the peak bending moment occurred at a depth of 1.37 m
(4.5 ft); however, at a target deflection of 89 mm (3.5 in) the depth to the peak bending
moment increased to 2.74 m (9 ft).
The bending moment also became negative at greater depths as the load
increased. At small loads, the point of sign reversal for bending moment occurred at a
depth of approximately 4.2 m (13.8 ft). For the largest loads, this reversal point occurred
at a lower depth of about 5.7 meters (18.7 feet).
The maximum bending moment reached in the single pile test was about 240 kNm (177 kip-ft), well below the yield moment of the pile, which was 350 kN-m (258 kipft). Consequently, the pile is still useful for future tests since it has not been yielded.
The bending moment versus depth curves generated for the 15th cycles are shown
in Figure 4.16. In comparison with the 1st cycle curves, the maximum bending moments
decreased slightly. For the largest load applied, the maximum bending moment was only
220 kN-m for the 15th cycle compared to 240 kN-m for the 1st cycle. This is better
illustrated in Figure 4.17 where the bending moment versus depth curves for peak loads
at the 1st and 15th cycles are plotted with each other for the 13 and 76 mm (0.5 and 3 in)
target deflections. The load resisted by the pile decreased from the 1st to the 15th cycles
consequently generating lower bending moments. Also, the peak bending moment
occurred at greater depths for the 15th cycle peak loads than for the 1st cycle peak load.
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This observation indicates that the lateral soil resistance was reduced at progressively
greater depths as the pile was cyclically loaded.
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Figure 4.15 Bending moment versus depth below the excavated ground surface at
peak 1st cycle loads for the given target deflections of the single pile test.
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Figure 4.16 Bending moment versus depth below the excavated ground surface at
peak 15th cycle loads for the given target deflections of the single pile test.

The pile behavior was investigated further through a plot of bending moment
normalized by peak load versus depth as shown in Figure 4.18. Since the pile was loaded
to different peak loads for each cycle, a better comparison could be made if the bending
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Figure 4.17 Comparison of 1st and 15th cycle bending moment versus depth at
peak loads for two target deflections of 13 and 76 mm (0.5 and 3 in).

moment was divided by the peak load reached at that particular cycle and target
deflection. Performing this comparison at the same target deflections of 13 and 76 mm
(0.5 and 3 in) revealed that the pile actually experienced a larger bending moment per
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Figure 4.18 Comparison of 1st and 15th cycle bending moment versus depth at
peak loads for two target deflections.

load as the pile was cyclically loaded. This behavior is attributed to the softening of the
soil around the pile and the widening of the gap around the pile. As the pile was
cyclically loaded, the area of soft soil and the gap length increased so that more of the
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load had to be carried by the flexural stiffness of the pile. These results emphasize the
importance of considering the loading type and history in design of piles and drilled
shafts. Otherwise, the bending moments experienced by the pile or drilled shaft may be
underestimated leading to unexpected failure.
4.5.4 Maximum Moment Versus Load
Another method of analyzing lateral resistance behavior is to plot maximum
bending moments versus the corresponding peak loads. These relationships are plotted in
Figure 4.19 for both the 1st and 15th cycles. The concave upward shape of the curve
suggests that the soil became softer as the load increased. As a result, the pile rather than
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Figure 4.19 Plot of peak load and corresponding maximum bending moment for
the 1st and 15th cycles observed in the single pile test.
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the soil provided a larger portion of the lateral resistance. This shift was due to the
reduction of the soil stiffness as the loads were increased as well as the soil providing
increasingly less restraint to bending as the test progressed. Accordingly, proportionally
larger bending moments were developed in the pile as the loads were increased. As was
discussed previously in Section 4.5.3, the 15th cycle curve generated proportionally larger
bending moments than the 1st cycle for the same load. The difference was about 15% for
small deflections and ranged from 20 to 35% for larger deflections.
It can be reasonably concluded from the single pile test results that cyclic loading
reduces the stiffness of the soil and forms gaps due to the shear stresses induced by the
lateral loads. This reduction in resistance causes more of the stress to be transferred to
the pile thus generating larger bending moments along the length of the pile.
4.5.5

Pile-Head Rotation

Deflection was needed at two locations on the pile head in order to determine
effectively the pile-head rotation. One string potentiometer was placed at the load point
and another was placed at 1.52 m (60 in) above the load point. The angle of rotation (θ)
was determined using the equation

⎛ ∆h ⎞
⎟
⎝ ∆L ⎠

θ = arctan⎜

(4.3)

where ∆h is the difference between the deflections measured by the two string
potentiometers, and ∆L is the distance between the string potentiometers or 1.52 m in this
case. Equation 4.3 employs simple trigonometry to determine θ. In actuality, the
rotations were small enough that the rotation could also be computed using the equation
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θ≈

∆h
∆L

(4.4)

Both Equations 4.3 and 4.4 were used for comparison and the difference was negligible.
Figure 4.20 shows a plot of pile-head rotation versus peak load. The same
upward concavity observed with maximum bending moments was observed with the pilehead rotation. This was expected since the bending restraint decreased and the soil
softened as the loading was applied cyclically. These factors caused the rotations to
proportionally increase. The rotations for the 15th cycle loads were generally 25 to 35%
higher than the rotations for the 1st cycle loads.
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Figure 4.20 Plot of pile-head rotation versus peak load observed in the single pile
test.
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CHAPTER 5 – PILE GROUP STATIC LOAD TEST
5.1

INTRODUCTION
The static lateral pile group test was conducted on a 3x5 pile group with rows

spaced at 3.92 pile diameters (3.92D) center-to-center in the direction of the loading. The
purpose of the test was to formulate a comparison between the behavior of a single
isolated pile and individual piles within the group. Based on this comparison, the group
interaction effects at this particular spacing can be defined for soft clays and silts. This
chapter outlines the test layout, instrumentation, testing procedure, and results of the
testing.

5.2

TEST LAYOUT
The test site is located approximately 300 meters north of the FAA control tower

at the Salt Lake City International Airport in an unused lot. The site contains about 1.5 to
1.7 meters (5 to 5.5 ft) of dense sandy gravel fill overlaying soft clays and silts. The
gravel fill was excavated and removed allowing the test to be performed on the soft soil
of interest.
Twenty-five piles were driven into the excavated ground surface on June 26 and
27, 2002 to form two piles groups and a companion single pile. One pile group consisted
of nine piles in a 3x3 arrangement while the other consisted of fifteen piles in a 3x5
arrangement. The single pile was driven about six pile diameters west of the 15-pile
group. The single pile was located with the intent that it be close enough that the soil
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properties would be similar but far enough away that it would not be affected by the
testing of the pile group. The piles were driven using a 34.3 kN (7.72 kip) hydro-hammer
(model IHC S-70) with measured energy transfer ranging from 7 to 27 kN-m (5 to 20 kipft) per blow. The piles were driven approximately 11.6 m (38 ft) into the ground. A
target length of approximately 2.1 m (7 ft) of pile above ground surface was reasonably
achieved on all the piles.
Figure 5.1 shows the piles numbered in the order that they were driven for the 15pile group. The figure also shows the recorded pile hammer blows per 0.3 m (1 ft)
increment as a function of depth for all the piles as well as the average blow count with
depth for the 15-pile group and the adjacent single pile. The blow counts were typically
less than three in the cohesive soil layers but increased to an average value of over ten in
the sand layers. The single pile driving profile matches up fairly close to the 15-pile
group average driving profile. However, the peak blows in the sand layers (3-4 m and 7-8
m [10-13 ft and 33-43 ft]) were slightly higher than the average for the 15 piles. This may
be attributed to variations in the energy delivered to the piles during driving. The profile
defined by the pile driving record is generally consistent with the profile determined in
Chapter 3.
Two reinforced concrete drilled shafts (1.22 m [4 ft] dia.) were installed 7.92 m
(26 ft) north of the front or northernmost row of the 15-pile group. The drilled shafts
served two purposes. They were required to provide a sufficient reaction to load the pile
group to high enough deflection levels so that group effects could be observed. In
addition, by measuring the response of the drilled shaft, comparisons could be made
between the lateral loading responses of two different deep foundation types.
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Figure 5.1 Recorded blow counts per 0.3 m (1 ft) for the single pile and the 15-pile
group and pile driving order.
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The piles within the group conformed to ASTM A252 Grade 3 specifications. The
same sectional and material properties used for the single pile apply to the group piles
with one exception. Only the middle pile in each row had strain gages with angle irons
attached to the north and south face of the pile to protect the gages. Consequently, the
moment of inertia of the middle piles was higher than that for the outer piles. The
moment of inertia for the five middle piles was 1.43x108 mm4 (344 in4) about the axis
perpendicular to the applied load. The remaining ten outer piles had a moment of inertia
of 1.16x108 (279 in4).
A photograph of the overall layout of the single pile and 15-pile group is shown in
Figure 5.2. The pile group was arranged with five rows of three piles. In the direction of
the loading, the rows were spaced at 3.92D or 1.27 m (50 in) on centers. Perpendicular to
the load direction, the piles were spaced at 3.29D or 1.07 m (3.50 ft). The plan view of
the test layout is shown in Figure 5.3.
The load was applied by two 1.34 MN (150 ton) hydraulic jacks powered by a
hydraulic pump with a maximum pressure of 69,000 kPa (10,000 psi). One jack was
placed between each of the drilled shafts and a W760x284 (AISC Shape W30x191)
reaction beam (see Figure 5.4). Hemispherical swivel plates were attached to the face of
the shaft as well as the beam for the jacks to bear on. This allowed for rotation
preventing any eccentric loading on the drilled shafts.
Figures 5.5 and 5.6 illustrate the load frame setup for the 15-pile group. Two Tsections welded to the beam had four holes each in which eight Dywidag bars were
connected between the reaction beam and another two T-sections welded to another
identical reaction beam. This beam was attached to a steel load frame assembled in a
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Figure 5.2 Photograph taken from the west of the overall layout of the 15-pile
group and single pile.

manner to provide the correct spacing for the piles. The Dywidag bars used were #9
threadbars (32 mm [1 ¼ in] dia.) with a yield strength of 517,000 kN/m2 (75,000 psi).
Tie-rods were pin-connected to steel channel sections welded to each pile with the
center of the section at 495 mm (19.5 in) above the ground surface. The tie-rods were
then attached to the pile group load-frame so that each pile was constrained to have the
same deflection. The basic path of load transfer began with the jacks pushing on the
drilled shafts and a reaction beam transferring the load through the Dywidag bars that
pulled another reaction beam connected to the load frame. The load was then transferred
from the load frame through the tie-rods into the piles. Figure 5.7 is a photograph of the
overall loading system for the 15-pile group.
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Figure 5.3 Layout of 15-pile group, single pile, and drilled shafts for the static
lateral load test.

The load frame was rigid relative to the combined stiffness of the piles and the
soil. The load frame had six wheels welded to the bottom to minimize friction and loss of
load transfer. The wheels rolled across steel beams resting on the excavated ground
98

surface that acted as runners. This same system of wheels and runners were used
underneath the other reaction beam in Figure 5.4.

Figure 5.4 Hydraulic jack with hemispherical swivel plates on each end loading
against the drilled shaft cap and the W760x284 reaction beam.

5.3 INSTRUMENTATION
The 15-pile group was instrumented to measure pile-head deflection and rotation,
applied load, and strain versus depth. Individual pile loads were measured by strain gage
pairs attached to tie-rods which functioned as load cells. The tie-rods connected the piles
to the load frame using a pinned connection to produce a zero moment free-head
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Figure 5.6 Overall view of the loading system from the north for the 15-pile group
static lateral load tests.

boundary condition. Two 1.34 MN (150 ton) load cells were also placed on each of the
hydraulic jacks to measure load applied to the drilled shafts. This allowed comparisons to
be made between the total measured load on the pile group compared to the drilled shafts
as a check for consistency and accuracy. The average difference between the total
measured loads was 4.9% at peak loads with a maximum difference of 8.6%.
Seventeen linear variable differential transformer (LVDT) transducers with an
accuracy of 0.127 mm (0.005 in) were used to measure pile-head deflections. A fixed
reference frame independent of the loading system was constructed to which the LVDTs
were connected. Small aluminum channel sections were epoxy glued to the piles and
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then used to connect the LVDTs to the piles so that they were free to rotate. One LVDT
was placed at 1.52 m (60 in) above the load point on the first row center pile. Another
LVDT was placed at 1.53 m (60.25 in) above the load point on the fifth row center pile.
These would provide the necessary data to calculate pile-head rotation. The other 15
LVDTs measured deflections at the load point of each pile. The deflection and rotation of
the drilled shaft caps were measured using the same type of string potentiometers used
for the single pile tests. Figure 5.8 shows the load and deflection measurement setup for
a typical group pile.
The center piles of each of the five rows were instrumented with 30 electrical
resistance type strain gages manufactured by Texas Measurements, Inc. (model WFLA-6120). The strain gages were epoxy glued along the length of the pile, 15 on each side. The
gages were adhered and protected in a manner identical to the single pile (see Figure 4.4).
The gages were spaced at regular intervals as shown in Figure 5.9. At the time of driving,
the center piles were oriented so that each pair of strain gages would record the maximum
tensile and compressive strain in the pile section. In other words, the gages were lined up
on the north and south side of the pile.
The same data acquisition system used to collect data for the single pile tests was
used for the 15-pile group tests. Additional information concerning the data acquisition
system was previously provided in Section 4.3. Thirty-two channels were used to record
pile-head load and deflection, and 150 channels to record strain versus depth. Four
channels were used to record deflection of the drilled shaft caps and two channels for
applied load. A total of 188 channels were required to collect the data from all the
instrumentation. Measurements were collected at intervals of 0.5 seconds except for the
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Figure 5.7 Setup for measurement of load and deflection at the pile-head for a
typical group pile.

first target deflection where measurements were recorded every 0.05 seconds. The same
portable electric generator used for the single pile tests was used for the 15-pile group
tests.

5.4

TEST PROCEDURE
The test on the 15-pile group was performed from August 6 to 8, 2002 with the 9-

pile test performed the following week. The 15-pile group was loaded to eight target
deflections which were predetermined to be 6, 13, 19, 25, 38, 51, 64, and 89 mm (0.25,
0.5, 0.75, 1, 1.5, 2, 2.5, and 3.5 in). The load was applied in one-direction only until the
target deflection was reached on the reference LVDT. The front center pile LVDT was
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Figure 5.8 Strain gage location and depth along the length of the center pile in each
row of the 15-pile group.
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used as the reference for the target approach. However, all 15 LVDTs at the load point
were averaged in the group for calculation of group deflection. Due to minor
discrepancies between the reference LVDT and the average LVDT measurement, the first
two target deflections were overshot by 1.8 mm (0.07 in). The remaining target
deflections were undershot by an average of about five percent.
For the first cycle of every target deflection, the load was held for approximately
five minutes allowing for manual collection of peak values for field evaluation as well as
instrument checks. Additionally, creep and reduced resistance effects were observed.
Afterwards, 14 additional load cycles were typically applied. However, for the final two
target deflections only nine additional cycles were applied. At these higher displacement
increments, each cycle required 30 to 40 minutes to apply and threatened to prevent
completion of the full suite of static and dynamic tests on the other pile group. As
discussed subsequently, observations at previous deflection increments had showed only
minor degradation in stiffness after about 10 cycles, therefore, we judged that there was
relatively little value in applying the additional cycles. For each subsequent cycle after
the first, the load was released once the target deflection had been reached and readings
had stabilized. The final static cycle applied to the pile group will be always be
referenced as a 15th cycle for ease and simplicity in all remaining figures and discussions
in this thesis. The error associated with this designation for the last two deflection
increments is likely less than about one percent.
Dynamic loading of the pile group was also incorporated in the test program. A
statnamic loading device operated by Applied Foundation Testing, Inc. was used to
produce a dynamic impulse load. The pile group was loaded dynamically by statnamic
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test firings at six deflection increments. Fuel was applied to produce deflections similar to
the static target deflections of 13, 25, 38, 64, and 89 mm (0.5, 1, 1.5, 2.5, and 3.5 in). The
test firings were conducted as an additional final cycle after completion of the static load
cycles for the first four test firings. However, for the final target deflection of 89 mm, the
statnamic test firings were used to produce the first (virgin) and final load cycle. The
static load cycles were applied in between the statnamic test firings. The dynamic testing
is discussed in more detail in Chapter 6.

5.5 TEST RESULTS
5.5.1 Load Versus Deflection
From the LVDTs and the tie-rod load cells on each pile, graphs depicting load
versus deflection behavior were constructed. The total load measured by the 15 tie-rod
load cells on the piles was typically within two to five percent of the load measured by
the load cells adjacent to the hydraulic jacks. However, the difference in peak loads
reached six to nine percent difference at target deflections of 19, 25, and 38 mm (0.75, 1,
and 1.5 in). This discrepancy was found to be caused by misalignment of the load cells
on the hydraulic jacks and excessive friction on the hemispherical swivel heads. For
subsequent deflection increments, additional grease was applied to the swivel heads and
more careful attention to alignment reduced the discrepancy to acceptable levels.
Computer analysis discussed in more detail in Chapter 8 also suggests that the pile load
cells likely provided more accurate results at those particular target deflections.
Generally, the recorded deflections at first cycle peak load for each pile were
within 10% of the group average. Also, average row deflections were within five percent

107

of the group average. However, larger discrepancies were noticed with the fifth row
average, which varied from five to ten percent from the group average. No general trends
were noticed as far as variation in deflection across a row. In some cases, the west pile
within a row deflected more, but in other cases, the middle or east row deflected more.
This implies that the loading frame behaved in a rigid manner with minimal rotation
relative to the combined pile-soil system.
In Figure 5.10, a continuous plot of total group load versus average group
deflection is presented for the entire test including all cycles performed for the eight
target deflection increments. The pile group was subjected to a maximum static load of
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Figure 5.9 Continuous plot of total group load versus average group deflection for
the static 15-pile group test.
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1418 kN (318.7 kips) with an average group deflection of 83.4 mm (3.28 in). As
observed in the single pile test, progressively greater residual pile head deflections were
observed after the completion of cycling at each deflection increment for the pile group
test. These permanent offsets were caused by cave-in of soil behind the pile as it was
loaded preventing the pile from returning to its original position once the load was
released. As discussed in Chapter 4 for the case of the single pile, none of the group piles
were yielded during the testing.
One common method of analyzing group effects is through the concept of group
efficiency, which was discussed in Chapter 2. Figure 5.11 illustrates the concept of
group efficiency graphically for both the first and fifteenth cycles. The average group
load was 10 to 15% lower than the single pile load for deflections up to 38 mm, and
approximately 20% lower for higher deflections. Therefore, the pile group efficiency
was 0.85 to 0.9 for deflection up to about 38 mm and about 0.8 for higher deflections.
This trend was observed for both the 1st and the 15th cycles indicating that group effects
became more significant as the lateral load increased at the pile-head.
The 1st and the 15th cycle peak total loads and corresponding deflections are
compared in Figure 5.12. Also included in the figure is the continuous 15th cycle curve up
to the peak load. The lateral resistance decreased as the piles were cyclically loaded same
as was observed in the single pile tests. The 15th cycle peak loads were generally 10 to
25% lower than the first cycle peak loads with an average reduction of 17%. Also, the
15th cycle response exhibited progressively greater resistance as the piles were deflected
beyond the gap width contacting the soil. This contact caused the curve to change to a

109

160
140

Average Pile Load (kN)

120
100
80
60
40

Single Pile - 1st Cycle
Group Pile - 1st Cycle

20

Single Pile - 15th Cycle
Group Pile - 15th Cycle

0
0

20

40

60

80

100

Average Group Deflection (mm)

Figure 5.10 Comparison of average group pile load to single pile load for the 1st
and 15th cycles.
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Figure 5.11 Total group load versus average group deflection for the 1st and 15th
cycles and the 15th cycle up to the deflection at peak load.
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concave-up shape as the 15th cycle progressed. This cyclic behavior was also observed in
the single pile tests.
Dynamic loads were generally intended to act as 16th cycles. The number of fuel
pellets required was estimated to produce enough force to dynamically load the pile
group to similar deflections as the static target deflection. The success of the estimation
was variable as was observed during the tests. The variable success allowed the
possibility that the deflection achieved could exceed the next target deflection therefore
acting as a first cycle as the piles were pushed into virgin soil. This problem was
observed during the testing of the 9-pile group.
Figure 5.13 compares the maximum deflections achieved for both the static and
dynamic tests. The tests are numbered in the order that they were performed. Test
numbers 3, 6, 8, 11 and 14 were dynamic tests intended to be 16th cycles for the
preceding static test. Generally, the maximum deflection in the dynamic test was
somewhat higher than that for the static cycle. In fact, the maximum deflection achieved
in test number 8 (38 mm [1.5 in]) came fairly close to matching the maximum target
deflection for test number 9 of 51 mm (2 in). As a result, the peak 1st cycle load shown in
Figure 5.12 was slightly lower than might have otherwise been expected. No adjustments
were made, however, since the resulting error appears to be relatively minor.
As was previously discussed in Section 5.4, the dynamic test number 12 (89 mm
[3.5 in]) was performed as a first cycle load for the final target deflection of 89 mm (3.5
in). Consequently, the maximum target deflection achieved was about the same as that
for test number 13. Therefore, the first cycle of the static load test at this deflection level
was effectively a second cycle since the stiffness of the soil had already been altered. The
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data can theoretically be corrected by observing the stiffness degradation between the
first and second cycles for tests performed at previous target deflections.
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Figure 5.12 Total group load versus average group deflection for the 1st and 15th
cycles and the 15th cycle up to the deflection at peak load.

The lateral pile group stiffness was calculated by dividing the peak group load by
the corresponding average group deflection for each cycle. These values were then
normalized by dividing by the stiffness of the first static cycle applied. The results of all
but the first target deflection are shown in Figure 5.14 with the average stiffness
degradation curve shown in Figure 5.15. The degradation in stiffness between the first

112

and second cycle was generally eight to ten percent whereas the stiffness degradation
observed in the single pile test was between ten to twelve percent (see Figure 4.9).
Accordingly, the load value achieved for the first cycle of the 89 mm (3.5 in) target
deflection was scaled by a factor of 1.1 to account for the loss of stiffness generated by
the dynamic loading at this target deflection. The corrected first cycle peak curve is
shown in Figure 5.16 compared to the measured curve.
The average stiffness curve in Figure 5.15 reveals that the stiffness degradation
eventually leveled at a value of 0.84 beginning at the 10th cycle. Since the stiffness of the
soil remained relatively constant at this point, the load tests for the final two target
deflections were halted after 11 total cycles were applied due to time constraints.
A point of interest on the peak load-deflection curves for the 1st and 15th cycles is at a
target deflection of 19 mm because it is low relative to the other data points. Figure 5.12
shows that this low value is more clearly evident for the 15th cycle. Figure 5.13 reveals
that the dynamic loading cannot be the cause in this case since the maximum deflection
for the dynamic test 3 (13 mm [0.5 in]) did not exceed the static test 4 (19 mm [1 in]).
The reduced resistance could be attributed to the fact that the 13 mm target deflection
was overshot by almost 14% whereas the 19 mm target deflection was undershot by 5%.
This brought the deflection levels closer together than was anticipated possibly resulting
in a reduced stiffness condition for the load tests at the latter target deflection.
Figure 5.17 shows the first cycles up to the peak load. The first cycle curves of
interest are for the 25 and 64 mm target deflections, which are bolded in the figure for
contrast. At these target deflections, the initial deflection at zero load was higher than the
initial deflection for subsequent target deflection curves. In static tests at all other
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Figure 5.13 Normalized stiffness of the pile group versus cycle number for various
deflection increments.
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Figure 5.14 Average normalized stiffness of the pile group versus cycle number for
various deflection increments.
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Figure 5.15 Total group load versus average group deflection for the first cycle
peaks showing the correction applied to the final target deflection.

deflection levels, the initial deflection was less than the initial deflection of the
subsequent test. Since dynamic testing was not performed prior to the 25 and 64 mm
target deflections, this effect may have occurred because pile rebound is greater in
dynamic tests than static tests. When a dynamic load was applied, there was enough of a
rebound force to move the pile group backward and push against the soil behind the piles.
This rebound compressed the soil that caved in behind the piles during testing causing the
initial deflection offsets to be significantly less than what occurred with the static tests.
This same effect was observed in the 9 pile group tested after the 15 pile group as
reported in Johnson (2003).
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Figure 5.16 First cycle load deflection history up to the first cycle peak from the
group tests.

5.5.2

Load Distribution among Piles and Rows
The load distribution among the individual piles and rows is of primary concern

in order to understand group effects and various other behavioral characteristics of fullscale pile groups. Figure 5.18 shows the first cycle peak load-deflection curves for
individual piles compared to other piles within the row. The 89 mm target deflection was
corrected by 10% as was previously discussed in Section 5.5.1.
The piles within a row did not carry identical loads, yet no consistent trends were
observed in the load distribution across a row. The average difference in load in a pile
within a row from the average row load was five percent. The variation is likely due to
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Figure 5.17a Comparison of first cycle peak pile loads versus deflection across each
row for rows 1-3.
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Figure 5.18b Comparison of first cycle peak pile loads versus deflection across
each row for rows 4 and 5.

local variations in soil properties and disturbance during pile installation, rather than any
group interaction phenomena. The elastic theory predicts that the corner piles will carry
higher loads than the other piles in the group and that outer piles will carry greater loads
than the center piles. This was not observed in these tests. This random load variation
within a row agrees with the results of other full-scale lateral load tests performed in clay
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(Brown et al., 1988; Rollins et al., 1998; Rollins et al., 2003a; Rollins et al., 2003b), but
differs with that observed in tests involving sand where the outer piles have carried
greater load (Ashford and Rollins et al, 2001, Ruesta and Townsend, 1997).
The average load per pile within a given row is compared to the single pile loaddeflection curve in Figure 5.19. As expected, based on previous testing, the row location
of a pile was the governing factor in the load it carried, not the location of a pile within
the row. The first row carried the largest average pile load for the same deflection. In
fact, the Row 1 load-deflection curve is nearly identical to the single pile load- deflection
curve. Row 2 carried the next largest load followed by Rows 4, 5, and 3, respectively.
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Figure 5.18 Comparison of corrected first cycle peak average pile load versus
deflection for the single pile and group rows.
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At larger deflections, Row 3 carried slightly larger loads than Row 5. It was
expected that the trailing three rows would be similar in behavior. It was somewhat
unexpected; however, that Row 4 would carry higher loads than Row 3. A similar effect
was observed in Rollins et al. (2003b) where the trailing row piles in a 3x3 pile group
carried larger loads than the second row piles. Natural random soil variation and pile
driving disturbance effects which cannot be easily quantified may have caused the
increased resistance observed in the fourth row piles. The general pattern though shows
the trailing rows carried significantly lower loads than the lead row.
The influence of gap formation on group interaction effects is illustrated in
Figures 5.20 and 5.21. The first cycle continuous load-deflection curve for each row is
shown in Figure 5.20. The previous target deflection is shown in the figure for
comparison. The load-deflection curves are fairly similar especially in slope up to a
deflection of about 18 mm (0.71 in) when the slope of the curve for the lead row began to
increase markedly and a spread develops in the load carried by the various rows. This
behavior indicates that the piles behaved similarly with little indication of group
interaction effects when they were pushed through the gap ahead of the piles. However,
the group effects became more significant once the piles were pushed beyond the gap
allowing the soil to contribute more to the overall resistance. The shear zones began to
overlap causing the first row piles to resist more of the applied lateral load relative to the
trailing pile rows.
A similar response is noticed for the 15th cycle load-deflection curves for the
individual rows shown in Figure 5.21. However, the group effect did not become more
pronounced until the pile-group deflection approached the target deflection. This implies
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Figure 5.19 Continuous load versus deflection for the first cycle of the 38 mm
target deflection.
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Figure 5.20 Continuous load versus deflection for the 15th cycle of the 38 mm
target deflection.
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that the previous cycles plastically deformed the soil and increased the gap width so that
the shadowing effect did not become significant except at deflections close to the peak
value. Despite the strong influence of the gap on group behavior, some small group
effects were apparent, though not as pronounced, at deflections lower than the previous
maximum static deflection achieved (24.2 mm). This behavior indicates that the shear
zones extended below the depth of the gap and still experienced some overlapping
although not to the same extent.
Row load multipliers were calculated by dividing the average row loads by single
pile loads at the same deflection. Since the single pile test and the group test yielded
different deflections, row load multipliers could not always be determined directly. In
these cases, the single pile load was obtained by interpolation at the same deflection.
Generally, this procedure produced row load multipliers less than one. The row load
multipliers for the first cycle peak loads are shown in Figure 5.22.
Since the Row 1 curve was almost identical to the single pile curve, any minor
irregularities were amplified by multipliers at small deflections. For instance, the first
deflection increment yielded a row load multiplier of 1.17. However, as the deflections
increased, the multipliers stabilized around 1.0. The multipliers for the trailing rows
decreased at a uniform rate until deflections past 60 mm (2.4 in) after which they became
relatively constant. Kotthaus et al. (1994), based on centrifuge testing, observed that
individual row response began to stabilize at deflections greater than or equal to 10% of
the pile diameter referred to as (u/D)lim. Although the pile group in the centrifuge tests
was spaced at 4D, approximately the same spacing as for this full-scale test, the (u/D)lim
was about 20% of the pile diameter. Kotthaus et al. (1994) conducted their model tests in
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dense sand, which may be the reason for the difference in results since passive resistance
requires considerably more movement to become fully developed in clays than in sands
(Clough and Duncan, 1991).
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Figure 5.21 First cycle peak loads for each row normalized by single pile loads at
the same deflections.

5.5.3 Gap Formation
Gap depth and width measurements were recorded adjacent to the north (or front)
side of each of the west piles of the group after the completion of cyclic loading.
Measurements were taken after tests were performed at all but two target deflections (6
and 19 mm [0.25 and 0.75 in]). Measurements were taken prior to the dynamic loading
on the pile group for target deflections of 13, 25, and 38 mm (0.5, 1, and 1.5 in). No blast
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was performed for the 51 mm (2 in) target deflection. Measurements were taken after the
dynamic loading for the 64 mm (2.5 in) target deflection. For the final target deflection of
89 mm (3.5 in), measurements were taken after the first cycle dynamic loading but before
the 15th cycle dynamic loading. Measurements were taken in the same manner as
described previously for the single pile test in Section 4.4. The gap profiles for each of
the west piles in the 15-pile group are shown in Figure 5.23.
Figure 5.24 is a photograph of a gap forming behind a group pile while it was
loaded. Once the load was released, the piles shifted back closer to vertical leaving a gap
ahead of the piles which remained due to plastic deformation of the soil. Note the crack
formations ahead of the pile in Figure 5.24. These cracks represent the shear deformation
that occurred in the soil wedge.
The gaps measured at the ground surface ahead of the west piles in the 15-pile
group varied by row. Gaps ahead of the first row pile averaged 31% of the maximum
previous deflection, whereas the second and third row gaps averaged 20%. The fourth
and fifth row gaps averaged 12 and 15%, respectively of the maximum previous
deflection. In contrast, the single pile surface gap averaged 61% of the maximum
previous deflection. The cause of the discrepancy is uncertain but a few factors may have
affected the gapping around the group piles. The motion and shear zones produced by
the trailing row piles in the group may have helped reduce the residual gap widths. This
may explain why the normalized gap width is highest for the front row but tends to
decrease with each trailing row. Also, dynamic loading effects may have influenced the
amount of plastic deformation that occurred in the soil around the piles. During the
dynamic loading, the surrounding soil may have rebounded closer to the pile face.
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Figure 5.23 Gap profile remaining ahead of pile after fifteen load cycles.
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Figure 5.22 Photograph of gap behind group pile and cracks from shear
deformation as it was deflected laterally to the left.

In actuality, the permanent ground deformation in front of each pile should
include the gap width plus the residual deflection or permanent offset in the pile with no
load. Therefore the residual deflection after cyclic loading for a given target deflection
was added to the measured surface gap width to produce the total permanent ground
deformation. Note that the permanent offset was measured at the load point and the gap
measurements were measured at the ground surface. In order to determine the permanent
offset of the pile-head at the ground surface, the residual slope of the pile head was used
to approximate the pile-head deflection at the ground surface. Rotation measurements
were only made for the first and fifth row center piles; hence, these calculations were
only performed for those two piles with the results averaged.
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Figure 5.25 illustrates the results of the calculations for total permanent ground
deformation for the average of Row 1 and Row 5 as well as the single pile. The figure
compares the average group deflection versus permanent ground deformation. Note that
the same correction for elevation difference was made on the single pile. Linear trend
lines are plotted through the points and compared to a one to one plot. Including the
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Figure 5.23 Plot of average group deflection versus total gap width (surface gap
plus permanent offset) with a linear 1 to 1 comparison to illustrate soil rebound.
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permanent offset increased the average permanent ground deformation to 50% of the
maximum previous pile head deflection for the group piles and 75% for the single pile.
5.5.4 Heave Formation
Ground heave was measured about 200 mm (8 in) in front of each pile as well as
at points located approximately 0.7, 1.8, 2.4, and 3 m (2.3, 6, 8, and 10 ft) ahead or north
of the front row piles on centers. Heave measurements were taken at a total of 27 points
around the 15-pile group. The measurements were recorded while the final cycle load
was still applied to the pile group.
Collecting heave data from the 15-pile group test proved to be a much more
difficult task than for the single pile test thereby providing results that may not reflect
true heave. The difficulty came not only in access to measurement locations hindered by
the load frame, instrumentation lead wires, and the reference frame, but from the
saturated ground surface conditions, which resulted in erratic results in some cases. For
instance, some measurements indicated an elevation drop of the ground surface
immediately ahead of the pile. This cannot be correct because the ground surface should
either remain the same or heave due to the lateral load applied. It was concluded that the
rod sunk slightly into the wet ground surface therefore artificially altering the elevation
reading. Therefore, care was required in interpreting the measurements.
Heave measurements indicated that no heave occurred at the points immediately
ahead of the third, fourth and fifth rows. Ground heave was observed, however,
immediately in front of the first and second rows averaging a total of 21 mm (0.84 in) and
7.6 mm (0.3 in), respectively. These measurements were taken after peak load was
reached and held on the final cycle of the 89 mm (3.5 in) target deflection. The measured
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ground heave at a distance of 0.7 m (2.3 ft) ahead of the front row pile decreased to an
average value of 6.9 mm (0.27 in). No heave was observed at all other locations ahead of
the front row piles. The maximum heave observed immediately adjacent to the single pile
was approximately 49 mm (1.9 in), which was about twice the heave in front of the first
row of the pile group. This difference is consistent with the discrepancy observed with
the larger gap formations observed in the single pile compared to the group piles as was
discussed in Section 5.5.3.
5.5.5 Bending Moment Versus Depth
Bending moments along the length of the pile were computed using Equation 4.2.
Malfunctioning gages were identified and required alteration of the bending moment
computation, which was performed by assuming the corresponding strain to be equal in
magnitude and opposite in sign to the remaining gage at that depth. In some cases, both
gages at a particular depth malfunctioned resulting in some data points being omitted
from the bending moment curve. Bending moments were determined for both the 1st and
15th cycle peak loads. The first cycle bending moment versus depth plots are shown in
Figure 5.26. Similar bending moment plots for the 15th cycle are shown in Figure 5.27.
The single pile bending moments curves for the same target deflections are also
included in Figure 5.26 and 5.27 to provide a comparison. While the deflections
corresponding to peak load for the single pile were very similar to the deflections
measured at peak loads for the pile group, they were not identical. Generally, the
deflections at peak loads achieved by the single pile were within five percent of the
average group deflections. In cases where the deflection of the single pile was more than
five percent larger than the average group deflection, the single pile curve was adjusted.
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Figure 5.26a

Plots of 1st cycle bending moments versus depth for the 6, 13, 19, and 25 mm target deflections.
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Figure 5.26b

Plots of 1st cycle bending moments versus depth for the 38, 51, 64, and 89 mm target deflections.
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Figure 5.27a

Plots of 15th cycle bending moments versus depth for the 6, 13, 19, and 25 mm target deflections.
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Figure 5.27b

Plots of 15th cycle bending moments versus depth for the 38, 51, 64, and 89 mm target deflections.

300

Single pile deflections earlier within the cycle that matched closely to the average group
deflections were chosen and the corresponding strain data was used to recalculate the
bending moments. In some instances, constrained only to small deflections (13 mm or
less), the average group deflection was larger than the single pile. Consequently, the
single pile bending moment curves could not be recalculated since the single pile never
reached that particular deflection. However, correcting single pile bending moment
curves at low deflections would result in very minor changes so the difference can be
neglected. As a result, the bending moments for the single pile and the pile group are
shown in Figure 5.26 and 5.27 for similar deflection levels allowing comparisons to be
made between the single pile and group piles concerning the magnitude and shape of the
curves.
The maximum moments generated in Row 1 were similar to those in the single
pile. However, the single pile moments decreased more rapidly with depth compared to
the group piles. As in the case of the single pile test, the bending moment in Row 1
peaked at progressively greater depths with increasing deflection. However, the
moments were generally larger at greater depths in the Row 1 pile than the single pile.
A comparison of the bending moment versus depth curves for the group piles
indicates that the first row bending moments were generally larger than those in the
trailing row piles. The Row 2 and Row 5 bending moment curves were similar in shape
and magnitude and were generally larger than the curves for Rows 3 and 4. The first and
second rows carried greater loads than the other trailing rows resulting in greater
moments. In Row 5, the reduced soil resistance produced less lateral restraint and
allowed the piles to generate larger bending moments at the same pile-head deflection.
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This in effect caused the bending moments to be just as large as those in Row 2 despite
the fact that Row 5 carried lower loads. The moments in the trailing row piles and the
single pile peaked at greater depths than the first row pile. This implies the soil resistance
decreased at greater depths for both the single pile and the trailing row piles.
As was mentioned previously, some gages were damaged prior to or during
installation of the piles. Additional strain gages malfunctioned as the test progressed
particularly at the depth where bending moment “reversal” was expected to be observed.
Bending moment reversal refers to the location at which the moment changes from
positive to negative. Losing additional gages caused the moment reversal location to be
poorly defined on the bending moment curves. The curves for the single pile, first, and
third rows were best defined at this location. Regardless of this issue, enough information
is available to indicate that the reversal location occurred at greater depths for the group
piles than the single pile. This difference is important to consider particularly in design of
drilled shaft or concrete pile reinforcement. It is economical to eliminate or reduce the
amount of reinforcement at a depth which the bending moment is considered negligible.
This is particularly true for large structures requiring a significant number of concrete
piles or drilled shafts. The results of this test indicate that reinforcement should extend to
greater depths in pile groups than what would be determined from single pile analysis or
testing.
Figures 5.28 and 5.29 provide the bending moment curves for peak loads at the 1st
and 15th cycles. The moment curves are separated by row illustrating general trends as the
pile group was progressively loaded. The maximum bending moments increased and
occurred at greater depths as the pile-head was increasingly deflected. For instance, at the
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target deflection of 6 mm (0.25 in), the first cycle maximum moments were measured at a
depth of 1.22 m (4 ft) for all but the fourth row (note that no data was available for Row 4
at this depth). At a target deflection of 89 mm (3.5 in), the first cycle maximum moments
were measured at a depth of 2.44 m (8 ft) for all rows.
A comparison between the 1st and the 15th cycle bending moment curves is
provided in Figure 5.30. Bending moments from two target deflection increments of 25
and 64 mm (1 and 2.5 in) are shown to illustrate the trends observed with cyclic loading.
Since the same trend was observed for all target deflections, only two were included to
simplify the comparison. At the same deflection level, the maximum bending moments
were smaller for the 15th cycle peak loads compared to the 1st cycle peak loads.
Additionally, the maximum bending moments occurred at greater depths for the 15th
cycles than the 1st cycles. The difference becomes relatively insignificant at greater
depths as the bending moments return to zero. The higher maximum moments for the 1st
cycle may have been a result of the lower peak loads achieved during the 15th cycle.
Since different peak loads were carried each cycle, another method needed to be
employed to illustrate the effect of cycling on the bending moments carried by the pile.
One effective method is to normalize each bending moment curve in Figure 5.30 by the
peak average pile load at that particular cycle. The normalized curves are shown in
Figure 5.31, which reveals that as the pile groups are cyclically loaded, the normalized
maximum bending moments developed in the piles increased and occurred at greater
depths. The maximum normalized bending moments for the 15th cycle were an average
of 8% higher than the normalized first cycle maximum moments for the target deflection
of 25 mm (1 in) and 13% for 64 mm (2.5 in) indicating the effect became more dramatic
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Figure 5.28 Plots of 1st cycle bending moments versus depth row by row for all target deflections.
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Figure 5.29 Plots of 15th cycle bending moments versus depth row by row for all target deflections.
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Figure 5.30

Plots of 1st and 15th cycle bending moments versus depth for target deflection of 25 and 64 mm.
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Figure 5.31

Bending moments normalized by peak load for the 1st and 15th cycles at target deflections of 25 and 64 mm.

3

at higher deflection levels. At greater deflections, the Row 1 pile showed a difference as
much as 21% between the 1st and 15th cycle normalized maximum bending moments
compared to the other rows which showed smaller differences averaging 11%.
The observed trends in Figure 5.31 indicate that higher bending moments would
have been produced in the piles had they been subjected to equal loads for 15 load cycles.
Cyclic loading reduced the soil resistance causing the piles to undergo greater curvature
per load with increasing load cycles leading to greater bending moments per load with
increasing load cycles. Consequently, the loading history of a pile group is relatively
important in determining or predicting the maximum bending stresses in the piles for
groups subjected to lateral loads. Ignoring the loading history may result in a reduction of
the factor of safety below a predetermined minimum factor of safety required in design or
analysis of pile groups.
5.5.6 Maximum Moment Versus Load
Maximum bending moment versus peak pile load curves are plotted in Figures
5.32 and 5.33. The peak pile load is the average peak load for the three piles in each
row. Curves for the 1st and 15th cycles are plotted in Figures 5.32 and 5.33, respectively.
The single pile curves for both cycles are included for comparison purposes.
For the first cycle, the individual row curves were similar to the single pile curve
for low load levels. However, at higher load levels the curves spread apart with
exception to the Row 1 curve which plotted close to the single pile curve for all load
levels. Row 2 and Row 4 curves remained similar to each other for the entire test. Row 3
and Row 5 also maintained fairly similar curves until the last three load levels where
slope of the curve increased more in Row 5 than Row 3. For the final load level, all but
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Figure 5.24 Maximum moment versus average peak 1st cycle load per pile for each
row as well as the single pile.
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Figure 5.25 Maximum moment versus average peak 15th cycle load per pile for
each row as well as the single pile.
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the lead row saw a dramatic change in slope of the curve. Rows 3, 4, and 5 saw an
additional 20% increase between the final and the previous load level relative to the
single pile for the same load. Row 2 increased an additional 10%. Row 5 was as much as
60% higher for the final load level compared to the single pile at the same load. This
behavior is expected since the static load test for the final target deflection was applied as
a second cycle after the dynamic test was performed at this same target deflection. The
normalized maximum bending moments were shown to increase from the 1st to the 15th
cycle in the previous section. Hence, the maximum bending moments for a given load in
Figure 5.32 should increase from cycle to cycle.
For the 15th cycle, the Row 1 maximum bending moments were an average of
nine percent lower than the single pile maximum moments at the same load. At low load
levels, the maximum moments in the trailing rows ranged from 15-30% lower than the
maximum moments in the single pile for the same loads. However, Rows 2 and 5 curves
were similar to the single pile curve for higher load levels. For Rows 3 and 5 the
maximum moments were approximately 20% higher than the single pile moments at
higher load levels. The difference though increased to 37% for Row 5 at a load of 67 kN
(15 kips).
The divergence of maximum moment versus load curves indicates the behavior
associated with group effects, which was minimal for Row 1. The shear zones that
developed overlapped each other reducing the soil resistance ahead of the piles. The
overlap zones became greater as the pile-head loads were increased, particularly in the
trailing rows. As the pile group was cyclically loaded, the group effects became less
pronounced since the curves diverged less for the 15th cycle than the 1st cycle.
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5.5.7 Pile-Head Rotation
The rotation of the pile-head was calculated in the same manner as outlined in
Section 4.5.5 for the single pile test. Two LVDTs were attached at least 1.52 m (60 in)
above the load point for the center pile in the first and fifth rows. The difference between
the measured deflections from these top LVDTs and those at the load point provided the
necessary information to calculate the pile-head rotation. These calculated rotations are
plotted versus the 1st and 15th cycle peak loads in Figures 5.34 and 5.35 respectively.
For the 1st cycle, the pile-head rotation of the first row was similar to the single
pile rotations for the same load. At low load levels, the fifth row pile-head rotation was
also similar to that for the single pile.
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Figure 5.26 Pile-head rotation versus load for the 1st cycle.
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Figure 5.27 Pile-head rotation versus load for the 15th cycle.

At higher load levels (greater than 25 kN), the fifth row pile rotated significantly
more than the first row pile and the single pile. At the final load level, both the first and
fifth rows exhibited a significant increase in rotation. The same general trends were
observed for the 15th cycle rotations.
Note that rotations were extremely sensitive to any minor discrepancies in the
LVDT readings. Thus, the rotation-load curves seemed discontinuous particularly for the
15th cycle. Nevertheless, the general trends are defined well enough that the behavioral
differences from row to row were still able to be determined.
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CHAPTER 6 – PILE GROUP DYNAMIC LOAD TEST
6.1

INTRODUCTION
Dynamic loading was performed on the 15-pile group at the Salt Lake

International Airport testing site. The dynamic loads were applied using a 311 kN (35
ton) statnamic device operated by Applied Foundation Testing, Inc (AFT). The 15-pile
group was loaded dynamically six times using this device.
The static load test unfortunately does not represent many of the lateral loads
typically applied to foundations such as earthquakes, waves, and ship impact. Poulos
(2000) emphasized that the load rate must be similar to that experienced by prototype
piles in order for the load test to be representative of the field performance. The loading
rate of the static test for the 15-pile group typically ranged from 12 to 15 mm/min (0.008
to 0.01 in/min), based on pile-head deflection. In contrast, the loading rate of the
statnamic device ranged from 15,000 to 60,000 mm/min (600 to 2400 in/min) or 0.25 to
1.0 m/sec, while typically reaching peak loads within 0.08 seconds. This is a better
reflection of the loading rates produced by seismic motion or ship impact. For example,
Seed and Idriss (1982) indicate that peak velocities for earthquake are typically equal to 1
m/sec/g. Therefore, the load rates or pile head velocities produced by the statnamic test
would be similar to that produced by an earthquake with peak accelerations ranging from
0.3 to 1.0 g. Consequently, the statnamic device is more beneficial at predicting the
dynamic behavior of laterally loaded pile groups and providing results useful in
improving current design methods.
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The dynamic testing was performed for several reasons. First, it allowed a
comparison between the static and dynamic load displacement behavior. Secondly,
contributions of damping and inertial forces to the measured load capacity can be
determined by analysis of the test results. Finally, the static lateral load behavior can be
determined theoretically from the statnamic test, and this test series provides an
opportunity to evaluate the accuracy of these methods in predicting the measured static
resistance. The term “statnamic” is derived from the notion that the test is a hybrid of
conventional static and dynamic load tests. The loading rate far exceeds the static load
case implying a dynamic situation, but the load is applied slowly enough that the pile and
soil are mobilized as a single unit which is similar to what occurs in a static loading
condition. If such is the case, static load behavior can be determined from the statnamic
load tests.
Provided in this chapter are discussions on the statnamic test, test layout,
instrumentation, test procedure, and results. Key observations will be included but no
conclusions drawn from the results. In-depth analysis and conclusions regarding the
dynamic tests are provided in another thesis by Broderick (2004).

6.2 STATNAMIC TEST
The statnamic device consists of a load cell, piston with a combustion chamber,
reaction mass, and exhaust vent (silencer). The reaction mass is composed of several
rings of concrete assembled together with a silencer running through the center of the
rings. Figure 6.1 is a photograph of the statnamic device used in the tests. Figure 6.2
shows the individual components of the device.
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Figure 6.1 Photograph of the statnamic device used to dynamically load the 15-pile
group.

The statnamic test is performed by launching the reaction mass and silencer away
from the pile group. This is done by igniting a solid fuel propellant (fuel pellets) inside
the combustion chamber. The fuel, once ignited, causes a sudden expansion of highpressure gas that rapidly applies a large force to the pile group and propels the reaction
mass in the opposite direction. The force developed is determined by the quantity of fuel
pellets placed inside the piston. Obviously, using more fuel pellets will produce a larger
force applied to the mass and the pile group.
There are a number of advantages of the statnamic test discussed by Poulos
(2000) in addition to the loading rate. The statnamic test is quick and can be mobilized
with relative ease compared to other test methods. High load levels can be reached
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Figure 6.2 Diagram showing the individual components of the statnamic device.

without the need for a reaction foundation or loading frame. The test is quasi-static,
which prevents the development of high compressive and tensile stresses that can
potentially damage the test pile(s). There are also some disadvantages in using this test
method. First, certain assumptions must be made in the interpretation of the test.
Additionally, the test cannot provide information regarding time-dependant settlements, a
major issue in the case of normally consolidated (compressible) soil layers underlying the
pile tips in a group.
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6.3

TEST LAYOUT
The test layout of the dynamic test is provided in Figure 6.3 with a profile view

shown in Figure 6.4. The same load frame and tie rod load cells that were used in the
static tests on the pile group were used for the dynamic tests. However, the Dywidag bars
were disconnected from the load frame eliminating the drilled shafts from the test setup.
The transfer of load through the frame was the same as the static load test and the test
piles were loaded in the same direction as the static tests.
Additional excavation was required south of the pile group to allow the statnamic
device to apply load northward and at the center of the flange of a W910x312 (AISC
Shape W36x210) reaction beam bolted to the south end of the load frame. The reaction
beam cantilevered out from the bolted connection to the end of the load frame (see Figure
6.1). A steel plate with a concave face was welded to the reaction beam. The plate was
constructed to fit the rounded head of the statnamic device (see Figure 6.5).
The statnamic sled was supported upon two 7.9 m (26 ft) long W920x223
(W36x150 AISC section) beams, which were laid on their weak sides. Railroad ties were
laid on the beams in between the flanges to provide a clear path of movement for the
statnamic device. The steel beams were in turn supported by four H-piles which were
driven approximately 7.6 m (25 ft) below the base of the beams to utilize the bearing
capacity of a dense sand layer at that depth. Eliminating any settlement issues with the
311 kN (35 ton) statnamic device aided in maintaining the required elevation of the
device to load the piles at 495 mm (19.5 in) above the excavated ground surface around
the piles. This prevented any eccentric loading on the pile group and allowed for a tight
fit between the concave plate and the rounded head.
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Figure 6.3 Test layout of the 15-pile group dynamic lateral load tests.
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Figure 6.4 Profile of the 15-pile dynamic test setup looking east.
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Figure 6.5 Photograph of the front portion of the statnamic device connected to
W920x313 reaction beam.

6.4 INSTRUMENTATION
The 15-pile group was instrumented to measure pile-head load, deflection,
rotation, and acceleration as well as strain and acceleration versus depth. During the
dynamic tests, the same instrumentation and setup for the static load tests was used to
measure load, deflection, rotation, and strain as discussed in detail in the previous
chapter. AFT provided the additional load cell positioned between the piston and the head
of the statnamic device as shown in Figure 6.5. This load cell was used to measure the
total applied force and provided a comparison to the sum of the load measured from all
the group piles.
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More channels were needed for the accelerometers but since there were a limited
number of channels available in the data acquisition system, strain gages were
disconnected from the Row 1 center pile at depths of 10.06 and 11.28 m (33 and 37 ft)
below the excavated ground surface. The bending moment plots in the previous chapter
provide justification for this decision since the gages at these depths recorded negligible
amounts of strain.
One accelerometer was placed on the reference frame to measure the amount of
vibration felt through the ground surface at the time of the blast. Three accelerometers
were placed on the outer face of the three lead row piles at the load point. These
piezoresistive accelerometers were manufactured by Kistler (model #8704B25) and had a
maximum range of plus or minus 25g. Ten accelerometers were placed on the interior
face of the Row 1 center pile (north side) and were evenly spaced at 0.6 m (2 ft) the first
being in-line with the elevation of the excavated ground surface. These accelerometers
were supplied by AFT and were manufactured by PCB (model #3701G2FA50G).
Numerical methods of integration were applied to the measured acceleration to
determine velocity and deflection of the piles and reference frame. The values of
deflection were used to validate the deflection measured at the pile head by the LVDTs.
Seventeen channels were allocated for the LVDTs, 16 for the statnamic and pile
load cells, 146 for the strain gages, and 14 for the accelerometers bringing the total to 193
channels to record all instrumentation. The same data acquisition system and UPS power
source used for the static tests was also used for the dynamic tests. However, data was
recorded at a rate of 1500 readings per second, much higher than two readings per second
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for the static tests. This was necessary since the dynamic tests were completed in less
than a second.

6.5

TEST PROCEDURE
The statnamic tests on the 15-pile group were conducted simultaneously with the

static tests from August 6 to 8, 2002. The statnamic tests were conducted mainly as final
cycles. The pile group was cyclically loaded statically up to a certain target deflection
after which the statnamic test was performed by loading the pile group to the same target
deflection. The dynamic test was performed as a 16th cycle for target deflections of 13
and 25 mm (0.5 and 1 in), a 15th cycle for 38 mm (1.5 in), and an 11th cycle for the 64
mm (2.5 in) target deflection. The statnamic test was performed as an initial cycle once to
observe the dynamic behavior of the pile group as it was loaded into virgin soil. Thus, the
test was performed as a 1st and 12th cycle for the 89 mm (3.5 in) target deflection. This
brings the total to six statnamic tests performed on the pile group. For purposes of
simplification, dynamic tests performed as final cycles will be categorized as 16th cycles
in all subsequent discussions and figures.

6.6 TEST RESULTS
6.6.1

Load Versus Deflection

Figure 6.6 provides a plot of the load-deflection curves for all six dynamic tests.
The load cell at the load point on each pile along with the corresponding LVDT was used
to construct plots of load versus deflection. The static peak 15th cycle load-deflection
curve is included for comparison. Figure 6.7 provides a comparison of peak values for

156

2200
Peak 15th Cycle Static Loads

2000

Dynamic Loads

13
14

1800

10
8

1600
Total Group Load (kN)

12

11

1400

6

1200

4

1000

9

7

5

2

800

3
1

600
400
200
0
-200
-10

0

10

20

30

40

50

60

70

80

90

100

110

Average Group Deflection (mm)

Figure 6.6 Complete load history of the 15-pile group comparing the static 15th
cycle peak load-deflection curve and dynamic load-deflection curves numbered
chronologically.

the 16th cycle dynamic tests and the 15th cycle static tests. Figure 6.8 provides a
comparison of static 15th and dynamic 16th cycles at each target deflection. The slopes
tend to agree with each other, though a slightly higher slope is achieved in the dynamic
tests at higher deflection levels. At low deflection levels, the static and dynamic peak
loads were similar. At higher deflection levels, the peak loads developed in the dynamic
tests were much higher than the static tests. The 15th cycle peak loads were 10% lower at
the same deflection for low deflection levels but was as much as 40% lower at higher
deflection levels.
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Figure 6.7a Comparison of static 15th cycles and dynamic 16th cycles for target
deflections of 13, 25, and 38 mm.
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Figure 6.7b Comparison of static 15th cycles and dynamic 16th cycles for target
deflections of 64 and 89 mm.

When applied quickly, higher loads can be developed due to inertial effects of the
loading system and the piles. The inertial effects therefore increased in significance as
the applied load increased. Note that the maximum deflection reached in test number 14
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Figure 6.8 Peak load versus deflection for the dynamic 16th cycle and static 15th
cycle.

(Figure 6.6) was as much as 20 mm (0.8 in) greater than reached in test number 12.
Consequently, the dynamic 16th cycle for the final target deflection of 89 mm (3.5 in)
may have acted as 1st cycle causing an artificially high point as shown in Figure 6.7. This
is uncertain since the peak loads achieved were similar for both cycles. A higher load
would be expected if the test acted as a 1st cycle.
The measured peak loads in the statnamic load cell reached maximum values
quicker than the pile group load cells. This can be observed in Figure 6.9, which
compares the time history for the 64 mm (2.5 in) target deflection. The average delay was
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0.006 seconds with no general trend observed with time delay compared to load level.
This delay is expected since time is needed to overcome inertial forces to mobilize the
frame and the piles. Also note from Figure 6.9 the statnamic load cell generally measured
smaller peak loads than the peak total load measured in the pile group. For the smallest
deflection level, the difference was only 2.5%. At higher deflections, the average
difference was 8.5%.
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Figure 6.9 Time history curves showing the sum total of the pile load cells and the
statnamic load cell for the 64 mm (2.5 in) target deflection.

Figure 6.10 illustrates the distribution of load among the rows omitting the values
for the first cycle dynamic loading of the 89 mm (3.5 in) target deflection. The load
distribution is represented as a percentage of the peak average loads resisted by Row 1.
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The same general trends that were observed with the static loading apply to dynamic
loads. Row 1 took the largest portion of the load but the difference was evident for only
the final four 16th dynamic tests. For the first dynamic test, which achieved an average
deflection of 13.5 mm (0.53 in), load distribution was random implying that group effects
were not a factor at low deflection levels. One data point on the Row 3 curve was low for
the 38 mm (1.5 in) target deflection. The reason for this low point is not certain.
Neglecting this point shows that the loads are distributed fairly evenly among the trailing
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Figure 6.10 Plot of dynamic 16th cycle peak average load per pile resisted by the
row normalized by the average peak pile load resisted in Row 1 shown as a
percentage versus average group deflection.
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rows particularly at higher deflection levels. This observation is different from what
occurred in the static load tests as shown in Figure 6.11. Group effects are evident since
the load is not evenly distribution among the trailing rows. The 15th cycle row load
distribution is similar to what was observed in the 1st cycle of the static load tests (see
Figure 5.19).
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Figure 6.11 Plot of static 15th cycle peak average load per pile resisted by the row
normalized by the average peak pile load resisted in Row 1 shown as a percentage
versus average group deflection.
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6.6.2 Bending Moment Versus Depth
Bending moments were calculated using the same methods discussed in Chapter 4
and 5 (see Equation 4.2). Strain gage malfunction was more of an issue during the
statnamic tests than the static tests, particularly at higher load levels. Consequently, the
bending moment curves were less refined since fewer gages provided reliable data,
nevertheless, the curves were defined well enough to observe general trends. Bending
moment curves were calculated for strain corresponding to both the peak load and peak
deflections for all dynamic tests. Figure 6.12 compares the bending moment curves at
peak loads for all the rows.
The trailing row peak moments generally occurred at greater depths compared to
Row 1. In the static load tests, the moments peaked at progressively greater depths with
increasing deflection. This was typically not the case with the dynamic tests. For
example, at a target deflection of 13 mm (0.5 in), the peak moments occurred at a depth
of 1.8 m (6 ft) for the trailing rows and a depth of 1.2 m (4 ft) for the lead row. The peak
moments for a target deflection of 89 mm (16th cycle) generally occurred at those same
depths.
In the static load tests, Row 1 peak bending moments were greater than the
trailing rows. In Figure 6.12, this trend was only observed at lower deflection levels. At
higher deflection levels, Row 1 peak moments were surpassed by all the trailing row peak
moments except Row 3. The moments in Row 5 were typically greater than all other rows
indicating that the reduced soil resistance ahead of these piles forced them to develop
more curvature for a given load resulting in higher bending moments despite the fact that
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Figure 6.12a Peak load bending moments versus depth for the 13, 25, and 38 mm target deflections.
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Figure 6.12b Peak load bending moments versus depth for the 64 and 89 mm (1st and 16th cycles) target deflections.

250

lower loads were carried. This effect was not as significant in Row 3 since the piles in
this row developed the lowest bending moments of all the rows.
Figure 6.13 illustrates the bending moment curves for only the dynamic 16th
cycles. The curves are separated by row to illustrate the general trends as the pile group
was loaded progressively. As noted earlier, the maximum bending moments remained at
a constant depth for all target deflections. The curves for Row 1 were the least defined of
all the rows, particularly at higher target deflections when additional gages
malfunctioned. Yet, the general shape of the curve remained similar as the test progressed
despite the reduced number of data points along the curve. This indicated that reasonable
comparisons could be confidently made.
Gage malfunction for all the rows was particularly a problem at the location
where bending moment “reversal” (see Chapter 5) was expected to occur. This hindered
the determination of the reversal location but some trends were still observed. From the
curves, reversal occurred most likely at a depth between 5.8 and 6.7 m (19 to 22 ft),
which was not as a deep as the location for the static tests (approx. 7.2 m [24 ft]). This is
important when designing reinforcement for concrete piles.
For the 89 mm (3.5 in) target deflection, a 1st and 16th cycle was applied
dynamically to the pile group. The bending moment curves generated are shown in
Figure 6.14. The curves seem relatively similar for both cycles. However, the 1st cycle
moments decreased more rapidly below the depths of the peak moments. The peak
bending moments were typically larger for the 1st cycle but occurred at the same depths
as for the 16th cycle.
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The bending moments from Figure 6.14 were normalized by the corresponding
peak load with the resulting curves shown in Figure 6.15. This provided a better
illustration of cyclic effects for dynamically applied loads. The variation was not nearly
as dramatic as observed for the static tests (see Fig. 5.31). In fact, the normalized
maximum bending moments were an average of 1.6% higher for the 1st cycle than the
16th cycle. Row 5 actually decreased by 3.7% between the 1st and the 16th cycles. It is
difficult to ascertain the reason why the curves were similar. In Section 6.6.1, it was
discussed that the 16th cycle maximum deflection exceeded the 1st cycle maximum
deflection significantly, yet the loads remained similar. Consequently, it is difficult to
determine the general cyclic behavior of the pile group due to dynamic loading. This can
be expected since the statnamic device is difficult to calibrate to effectively load the pile
group to similar deflection levels.
Figure 6.16 shows the progression of the bending moment curve as the piles
continued to deflect after peak loads were reached. As the pile continued to deflect, the
curve shifted to greater depths. For example, at the 64 mm (2.5 in) target deflection, the
maximum bending moment at peak load (deflection of approximately 62.5 mm) for the
Row 2 pile occurred at a depth of 1.8 m (6ft). At peak deflection (75.4 mm), the
maximum bending moment occurred at a depth of 3.0 m (10 ft). Generally, the value of
the maximum bending moment remained similar for both peak load and peak deflection
despite the fact that the load applied was lower at peak deflection. This implies that the
soil softened as the load was applied causing the pile to experience greater curvature for a
given load.
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Figure 6.14

Comparison of the bending moment curves from the dynamic 1st and 16th cycles for the 89 mm target deflection.
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Figure 6.16

Comparison of bending moment curves for peak load and peak deflection for 25 and 64 mm target deflections.

CHAPTER 7 – COMPUTER ANALYSIS OF TEST RESULTS
7.1

INTRODUCTION
The single pile and pile group tests were modeled using computer programs. The

chosen programs analyze lateral pile response using the finite-difference method and
employ non-linear springs to represent the soil resistance. These computer models have
proven to be an effective method of modeling pile behavior in past studies conducted by
Rollins et al. (1998 and 2003a,b). Therefore, p-multipliers were back calculated from the
15-pile test results using these same computer models.

7.2

COMPUTER ANALYSIS OF SINGLE PILE TEST

7.2.1 LPILE Plus Version 4.0 (Reese et al., 2000)
The computer program used to analyze the single pile was LPILE Plus version 4.0
(Reese et al., 2000). This program is often used by designers in addition to the academic
field as a means to predict the behavior of laterally loaded piles and drilled shafts.
LPILE assumes that the pile acts as a beam-column. The finite difference
approach is chosen to calculate deflection, moment, and shear in the pile. The pile
stiffness is a function of the modulus of elasticity (E) and moment of inertia (I) of the
pile. The stiffness therefore can be modeled either using a linear or non-linear function of
pile curvature. In order to calculate the bending moments from the data collected by
strain gages, a constant EI value was assumed requiring the use of a linear function in
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LPILE. This maintains consistency and insures increased confidence in making
comparisons between measured and calculated results.
LPILE uses nonlinear springs attached to nodes along the length of the pile to
represent the lateral stiffness of the soil. These springs are modeled as p-y curves that
represent the non-linear lateral soil resistance as a function of deflection. The user can
choose the p-y curves for each soil layer in the model using generic p-y curve shapes
developed for different soil types by a variety of researchers.
7.2.2 Single Pile Properties
The single pile was modeled in LPILE by inputting basic dimensions and
properties. The pile length from the load point to the toe was 12.07 m (39.6 ft). This
length was then divided into 100 increments at 0.12 m (0.39 ft) each. The pile top or load
point was placed at 0.495 m (1.625 ft) above the excavated ground surface. The slope and
batter angle for the pile was set to zero since the pile was not driven with any batter and
the surrounding ground surface was relatively level.
The pile cross section was a circular pipe with an outer diameter of 0.324 m (1.06
ft) and a thickness of 0.0095 m (0.031 ft). This resulted in a cross-sectional area equal to
0.0094 m2. The modulus of elasticity used for the steel was 200 GPa (29,000 ksi). The
moment of inertia was 1.43 x 108 mm4 (344 in4) including the angle irons attached to
each side.
7.2.3 Soil Properties
As a starting point, the soil layers and properties were input based on the results
of the geotechnical tests discussed in Chapter 3. In LPILE, the first four meters (thirteen
feet) were modeled as medium to soft clays. This soft layer was underlain by a sand
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layer followed by interbedded layers of clays and sands. Preliminary runs indicated that
the soil parameters needed to be adjusted to improve the match between the deflections
and stresses measured in the full-scale tests and those calculated in LPILE. This became
an iterative process until a reasonable match was achieved.
The shear strength of the surface clay layer was changed the most with the
iterations. The initial shear strengths were identical to the detailed profile used in the
analysis reported in Rollins et al. (1998). The topmost layer was represented as a stiff
clay layer with an undrained shear strength close to 100 kPa (2100 psf). This was
underlain by a softer layer (Su of 40 kPa [835 psf]). These stiff layers were adjusted
significantly after initial runs did not provide a reasonable match to the full-scale test
results. The undrained shear strengths were reduced to 40 kPa resulting in one soft layer
extended to a depth of 1.2 m (4 ft). The CPT data and other tests indicated that these
layers were softer than the 1998 test site justifying the changes. In Figure 7.1, the shear
strength profile used in this study is compared to the detailed profile used in the 1998
study. The shear strengths of the various layers determined from field and laboratory tests
are provided in the figure as a comparison to the idealized soil profile.
The water table was located at a depth of about 0.3 m (1 ft) during the tests. In
order to avoid high dry strengths of the soils above the water table, the area surrounding
the single pile was flooded and maintained in this state for the duration of the tests.
Matlock (1970) developed the p-y curves used in LPILE to model the soft clay
layers. This model requires the ε50 values to be input for each clay layer. The ε50 value is
the strain at which 50% of the undrained shear strength is mobilized. The model also
requires the effective unit weight (γ’) and undrained shear strength (Su) for each clay
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Figure 7.1 Shear strength parameters for idealized soil profile used to model the
single pile test in LPILE compared to shear strengths determined from field and
laboratory tests.

layer. These parameters were determined from the geotechnical tests performed at the site
as well as in the soils laboratory. The p-y curves for sand used in LPILE were developed
by Reese et al. (1974). The input values required for each sand layer by LPILE using this
method were friction angle (φ), effective unit weight (γ’), and modulus of subgrade
reaction (k). The friction angles were used to determine the subgrade modulus through a
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correlation provided by Reese et al. (2000). Figure 7.2 provides a detailed breakdown of
the input values of each soil layer in LPILE. These values pertain only to the 1st cycle.
Some input values, particularly the undrained shear strengths, would need to be altered if
cyclic loads were applied.

Load Point
p-y curve

' (kN/m3)

Soft Clay

9.05

41.4

0.010

--

--

Soft Clay

9.05

50

0.010

--

--

Soft Clay

9.05

40

0.010

--

--

Sand

8.14

--

--

38

25.5

5.33

Soft Clay

9.05

56.9

0.010

--

--

5.87

Soft Clay

9.05

25

0.015

--

--

6.48

Soft Clay

9.05

54

0.010

--

--

Sand

8.14

--

--

33

14.9

Depth (m)

Su (kPa)


50


k (kN/cm3)

1.22

2.14

3.06

4.8

Figure 7.2 Input parameters for idealized soil profile used to model the single pile
test in LPILE.
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7.2.4 Computer Analysis Results of Single Pile Test
The 1st cycle load-deflection curve calculated by LPILE is compared to the
measured 1st cycle load-deflection curve in Figure 7.3. The match between the calculated
and measured results is very good and suggests that the soil profile was reasonably
accurate in modeling the soil reaction as the pile was laterally loaded. The level of
accuracy though needs to be further verified by comparing the computed bending
moments to those measured by the field tests.
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Figure 7.3 Comparison of the load versus deflection curve calculated by LPILE
using 1st cycle peak loads and the measured 1st cycle curve.

In Figure 7.4, the maximum moments are plotted versus the applied load for both
the calculated and measured results. These comparisons reveal that the bending moments
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were similar though an average of 10% higher at larger deflection levels. The idealized
soil profile was not as accurate in computing bending moments though the accuracy is
sufficient to ensure reasonable comparisons.
This accuracy can also be verified by comparing the computed and measured pilehead rotations. Small rotations are quite sensitive to even the slightest variations in the
pile-head deflections. As a result, comparing measured and calculated pile-head rotations
is not as reliable in verifying the accuracy of the soil profile. Figure 7.5 illustrates this
comparison and it is surprising how very similar the results are despite the sensitive
nature of small rotations.
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Figure 7.4 Comparison of measured 1st cycle maximum moment versus load curves
and calculated curves by LPILE.
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Figure 7.5 Comparison of the measured 1 cycle pile-head rotations and those
predicted by LPILE.

7.3

COMPUTER ANALYSIS OF PILE GROUP TEST

7.3.1 GROUP Version 4.0 (Reese and Wang, 1996)
To analyze the pile group, GROUP version 4.0 (Reese and Wang, 1996) was
used. This program uses the same computational methods as LPILE with the addition of
being able to account for group effects. This is done through the use of p-multipliers,
which scale the p-value thus softening the p-y curves to account for group interaction.
The user can allow the program to automatically generate p-multipliers based on
recommended values provided by Reese and Wang (1996) that depend on row spacing.
The user may also manually input p-multipliers for individual piles or subsets within the
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pile group. The default option in GROUP ignores group effects and sets the p-multipliers
to 1.0 for all the piles.
LPILE calculations of deflections, moments, and pile-head rotations agreed well
with the full-scale single pile test results. This insured that the same idealized soil profile
used in LPILE could be input into GROUP for the 15-pile group to analyze group effects
and back-calculate p-multipliers. However, pile groups have the added possibility of
tipping or rocking as a whole. If this occurs, the lead piles will develop compressive
forces which are resisted by end bearing and side friction. The trailing piles will
experience tensile forces resisted by side friction. Therefore, GROUP requires values to
be input for end bearing and side friction on the piles to account for this group rotation
effect.
7.3.2 Input Parameters for GROUP
The idealized soil profile used in LPILE was transferred to GROUP. The unit side
friction for the clay layers was assumed to be equal to the undrained shear strength. End
bearing for the clay was not needed since the pile tips rested in a sand layer. Correlations
used in LPILE relating the soil friction angle to unit side friction and end bearing were
used to determine these parameters for the sand layers. These side friction and end
bearing values were altered significantly to test the sensitivity of GROUP calculations.
The results remained relatively unchanged indicating that the effects of rotation were
negligible in the analysis process.
Only the center piles in each row were fixed with angle irons causing the moment
of inertia to increase slightly from 1.16x108 mm4 (279 in4) to 1.43x108 mm4 (344 in4).
The pile group was divided into two subgroups defined by this difference in moment of
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inertia. All other parameters remained the same in both subgroups. The row spacing was
set to 1.27 m (4.17 ft) on centers.
7.3.3 Back-Calculation of P-multipliers
Comparisons were made between the single pile load-deflection curve and that
determined for a group pile with p-multipliers set to 1.0 in GROUP. This was necessary
to ensure that the calculations were consistent between programs. The initial comparison
proved that the results were different by a small multiplying factor. Experimentation with
the number of pile increments in LPILE and GROUP reduced the variations in the loaddeflection curves to very small levels. The best match was achieved when the pile
increments were set to 100 in LPILE and 97 in GROUP. The load-deflection curves
computed by the two programs were within one percent of each other.
Row load multipliers were used as the initial p-multipliers. The individual row
load-deflection curves calculated by group were then compared to the measured row
load-deflection curves. Simply altering the curves by a common factor did not provide a
reasonable match for all the rows. Each row curve had to be analyzed separately. The
row load multipliers used initially were each scaled by different values for each row and
input back into GROUP and reanalyzed. This process was repeated until reasonable
agreement was achieved in each row. A single p-multiplier for each row provided
reasonable agreement with the measured behavior up to a deflection level of 38 mm (1.5
in). The back-calculated p-multipliers for deflections from 0 to 38 mm were 1.0, 0.87,
0.64, 0.81, and 0.70 for Rows 1 to 5, respectively.
The shear zone overlap increased as the piles were deflected further requiring
even smaller p-multipliers for the trailing rows. The p-multipliers for each target
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deflection from 51 to 89 mm (2 to 3.5 in) were determined in the same manner as for the
smaller deflections. Having a different set of p-multipliers for each of the larger target
deflections would possibly render the p-multiplier approach undesirable for design
purposes. Thus, the multipliers determined from each of these larger target deflections
were averaged for each row. The intent was to produce a set of p-multipliers for each of
the rows based on deflections less than or equal to 38 mm and another set for deflections
greater than 38 mm. Thus, these average values were input into GROUP and the program
re-run to produce an average curve that provided a best fit through the measured data
points of the load-deflection curve. Minor adjustments were made to some of the
multipliers until a best fit was achieved.
The back-calculated p-multipliers for deflections from 38 to 89 mm were
determined to be 1.0, 0.81, 0.59, 0.71, and 0.59 for Rows 1 to 5, respectively. The
resulting group load-deflection curve based on these two sets of p-multipliers is shown in
comparison to the measured 1st cycle curve in Figure 7.6. The measured load-deflection
curve was corrected for dynamic loads as was previously discussed in Chapter 5.
At small deflections, the p-multipliers were similar to the row load multipliers
presented in Chapter 5. However, the trailing row p-multipliers at larger deflections were
all smaller than the row load multipliers. This trend was observed because row load
multipliers accounted for the reduction from both the piles and the soil. However, the
pile resistance relied on the cross-sectional properties of the pile and not the surrounding
soil forcing the resistance to be independent of group effects. This means the soil was
solely responsible for the decreased resistance. The p-multipliers were required to have
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the same effect on the overall resistance as the row load multipliers. Consequently,
smaller p-multipliers were required.
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Figure 7.6 Comparison of the measured 1st cycle load-deflection curve to the loaddeflection curve computed in GROUP using back-calculated p-multipliers.

Figure 7.7 compares the measured 1st cycle load-deflection curves to those
calculated by GROUP using the back-calculated p-multipliers. With the exception of
Row 1, the curves agreed very well with the field test results. At deflections greater than
about 30 mm (1.2 in), the measured curve for Row 1 was above the calculated curve
implying that a p-multiplier larger than 1.0 was needed for this row to provide a
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Figure 7.7a Comparison of the measured 1st cycle load-deflection curves to the
curves calculated in GROUP for Rows 1 to 3 using p-multipliers back-calculated
from this study.
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Figure 7.7b Comparison of the measured 1st cycle load-deflection curves to the
curves calculated in GROUP for Rows 4 and 5 using p-multipliers back-calculated
from this study.

reasonable match. However, if the same subsurface profile existed around both the single
pile and the lead row piles, a multiplier greater than 1.0 would not have been feasible. In
fact, Row 1 piles should have experienced some reduction in resistance at the higher
deflection levels when the shear zones from both the Row 1 and Row 2 piles began to
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overlap and when edge effects became pronounced. This apparent anomaly in the results
indicates that the upper soil layers surrounding the lead row piles may have been stiffer
than the soil surrounding the single pile. As was done for the single pile tests, the ground
surface surrounding the piles was maintained in a flooded condition. However, the
ground surface may not have been flooded far enough ahead of the lead row piles causing
the shear zones to extend into the soil that exhibited higher dry strength above the water
table. The p-multipliers were capped at 1.0 for Row 1 since higher p-multipliers do not
reflect the actual response of the lead row of a pile group at such a close spacing. As a
check, the trailing row p-multipliers were back-calculated by first capping the Row 1 pmultiplier at 1.0 and then again by allowing the p-multiplier to deviate above 1.0 to
determine if any difference was observed in the back-calculated trailing row pmultipliers. There was no difference using either method adding confidence in the
accuracy of the trailing row p-multipliers. Unfortunately, the p-multiplier for Row 1
determined in this study is suspect.
A sensitivity analysis was conducted with GROUP by varying the p-multipliers
according to suggested design methods and comparing with the measured response from
the 1st cycle peak loads. The program was run with p-multipliers based on two
commonly used design curves. Based on a pile spacing of 3.92D, Reese and Wang (1996)
recommend using a p-multiplier of 1.0 for the lead row and 0.9 for the trailing rows.
Alternately, AASHTO (2000) recommends using a p-multiplier of 0.38 for all rows. The
load-deflection curves calculated in GROUP based on these recommendations are shown
in Figure 7.8. The measured load-deflection curve for 1st cycle peak loads is shown for
comparison.
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Figure 7.8 Comparison of 1st cycle group total load versus deflection curves
calculated in GROUP using p-multipliers recommended by two common design
curves.

As shown in Fig. 7.8, the AASHTO (2000) p-multiplier approach overestimated
the deflections significantly. Computed deflections were typically 100 to 120% greater
than the measured values at small deflections (<38 mm), and 70 to 90% higher for higher
deflections (38 to 89 mm). With p-multipliers suggested by Reese and Wang (2001)
computed deflections underestimated the measured deflections by 10 to 20% at all
deflection levels. Using back-calculated p-multipliers in GROUP, predicted deflections
were within 5% of the measured deflections. Simply using a single conservative p-
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multiplier for all rows as recommended by AASTHO (2000) may result in major over
design of the foundation system. The design curves recommended by Reese and Wang
(1996) produced results that are more accurate but somewhat unconservative.
7.3.4 Bending Moments
The 1st cycle maximum bending moment versus average pile load curves
calculated by GROUP using the back-calculated p-multipliers are plotted in Figure 7.9
along with the measured values. The maximum bending moments predicted by GROUP
are typically within 10% of the measured moments. Row 4 displayed the greatest
difference between measured and computed moments. For this row, the moments
computed by GROUP usually overestimated the measured moments by an average of
17%.
Note that although the final target deflection was included in Figure 7.9, it is not
an accurate representation. The GROUP soil profile was only generated for the stiffness
observed for the 1st cycle loadings. As discussed previously, for the final target deflection
the static 1st cycle was actually a 2nd cycle. Higher bending moments should be measured
due to the decreased stiffness of the soil ahead of the pile requiring the pile to resist more
of the load. This can be observed in Figure 7.9 since a more dramatic slope change is
observed in the curves particularly in Rows 4 and 5. While load-deflection curves were
corrected using stiffness degradation trends, no such correction could be made to the
bending moments.
The accuracy of GROUP was also evaluated by comparing the measured and
calculated bending moments versus depth. The accuracy of the computed curves suffers
from the fact that average p-multipliers were used at higher deflection levels rather than
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Figure 7.9a Comparison of test results to the maximum moments versus load
curves for Rows 1 to 3 computed by GROUP using back-calculated p-multipliers
from this study.
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Figure 7.9b Comparison of test results to the maximum moments versus load
curves for Rows 4 and 5 computed by GROUP using back-calculated p-multipliers
from this study.

attempting to match each individual point on the curve. Using an average multiplier
caused the row loads to be generally different than the measured loads (see Figure 7.6).
However, the comparison of the bending moment curves can still provide useful
information regarding the behavior in the field compared to that predicted by GROUP.
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Figure 7.10 shows the 1st cycle bending moments versus depth for each row at
three target deflections (6, 25, and 64 mm). This figure provides the benefit of comparing
the depths at which maximum moments were measured and calculated. The computer
model was generally successful at predicting the depths of maximum moments. The
difference in depths was usually within 0.5 m (1.6 ft). The maximum moments occurred
at depths shallower than predicted in GROUP for Rows 1, 3, and 5. The opposite was
observed for Rows 2 and 4.
The bending moments at depths other than the maximum moments can also be
compared in Figure 7.10. The measured bending moments decreased more rapidly with
depth than predicted by the GROUP calculations. This was particularly noticeable in
Row 4.
The depths at which bending moments returned to zero were generally shallower
in the GROUP calculations than observed in the full-scale tests. For small deflections, the
GROUP bending moment curves reversed and became negative at depths about 1.5 m
(4.9 ft) above the depths observed in the tests. At these reversal depths, the strain
measurements were relatively small at low deflections. Errors in reading the small strains
may have contributed to the discrepancy. At larger deflections, the calculated and
measured curves generally coincided around the reversal depths. The maximum negative
moments computed in GROUP were generally greater in magnitude than measured in the
full-scale tests.
7.3.5 Pile-Head Rotations
The rotations calculated from the LVDTs placed on the first and last row center
piles were also compared to the pile-head slopes calculated in GROUP. This was the last
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Figure 7.10a 1st cycle bending moments versus depth from the measured results and GROUP calculations for Row 1.
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Figure 7.10b 1st cycle bending moments versus depth from the measured results and GROUP calculations for Row 2.
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Figure 7.10c 1st cycle bending moments versus depth from the measured results and GROUP calculations for Row 3.
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Figure 7.10d 1st cycle bending moments versus depth from the measured results and GROUP calculations for Row 4.
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Figure 7.10e 1st cycle bending moments versus depth from the measured results and GROUP calculations for Row 5.
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measure of accuracy of the GROUP model. In Figure 7.11, the pile-head rotations for
Rows 1 and 5 are plotted versus average 1st cycle pile load. The measured results from
the final target deflection were omitted since the rotation occurred as a 2nd cycle causing
the results to be incomparable to the other data points. The calculated rotations at larger
deflection levels (greater than 38 mm) were determined using the average p-multipliers.
The first row had a constant p-multiplier of 1.0 resulting in a smooth curve. The trailing
row had two sets of p-multipliers resulting in a shift of the curve at about an average load
of 64 kN.
The calculated rotations in GROUP were remarkably accurate in predicting the
measured rotations in Row 5. The calculations for Row 1 were not nearly as successful at
matching the measured rotations.
In comparison to previous computer analyses reported in Rollins et al. (2003b),
the GROUP rotation calculations for this study were reasonable. However, the Row 1
comparison is relatively poor compared to the excellent match achieved in LPILE for the
single pile test results.
The discrepancies in the results are most likely due to measurement errors in the
full-scale tests. LVDTs were used to measure deflection for the pile group whereas string
potentiometers were used for the single pile test. LVDTs tend to have problems with
binding even at small rotations resulting in less accurate measurements. However, they
were necessary for the pile group tests because they can measure deflections when loads
are applied quickly as was done with the dynamic tests. Since rotation calculations are
sensitive, slight errors in measurements can lead to magnified errors in the results.
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Figure 7.11 Comparisons of 1st cycle pile-head rotations measured in the field and
calculated by GROUP.
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7.4

SUMMARY OF COMPUTER ANALYSES
LPILE was used to calibrate the soil profile used in GROUP, which in turn was

fairly successful in modeling the response of the pile group when subjected to lateral
loads. In order to provide a better match with the measured response, it was necessary to
alter the p-multipliers as deflection increased. A single multiplier for each row was
generally appropriate up to deflections of 38 mm (1.5 in). These p-multipliers were
determined to be 1.0, 0.87, 0.64, 0.81, and 0.70 for Rows 1 to 5, respectively. The best-fit
p-multipliers then changed with each target deflection from 51 to 89 mm (2 to 3.5 in). An
average p-multiplier was determined for each row for design purposes. For deflections
greater than 38 mm, the average p-multipliers were determined to be 1.0, 0.81, 0.59, 0.71,
and 0.59 for Rows 1 to 5, respectively. These p-multipliers were back-calculated only for
1st cycle loadings. Additional changes would need to be made to the soil properties input
into GROUP to account for the cyclic degradation of soil resistance.
Johnson (2003) also observed variation in p-multipliers with deflection at a pile
spacing of 5.65 pile diameters. The p-multipliers were 0.98, 0.95, and 0.88 for the lead,
middle, and trailing rows respectively for deflections up to 51 mm (2 in). For larger
deflections, they were reduced to average values of 0.90, 0.80, and 0.63. This highlights
the importance of deflection in determining group effects.
Both sets of p-multipliers are plotted along with the results of other previous fullscale tests in Figure 7.12. Two commonly used design curves (Reese and Wang, 1996
and AASHTO, 2000) are included for comparison purposes.
The p-multiplier determined for Row 1 was 1.0, which is higher than what should
have been observed. It is unclear as to the exact reason of the anomaly but it may have
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Figure 7.12 Comparisons of p-multipliers developed in this study and others
determined in previous full-scale tests with commonly used design curves included
for reference.
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been caused by the shear zones ahead of the lead row piles pushing into drier soil.
Consequently, an accurate comparison for Row 1 cannot be made. The p-multipliers for
Row 2 seem higher than what would be expected. The p-multipliers for the third and
subsequent rows seem to be quite reasonable. No other full-scale tests were conducted at
this particular spacing of 3.92 pile diameters so no direct comparisons can be made.
The p-multipliers from this study are enclosed within the upper and lower bound
design curves. It appears that relative to the full-scale test results, the design curve
recommended by Reese and Wang (1996) is non-conservative. The curve recommended
by AASHTO (2000) is generally over-conservative. The curves proposed by Rollins et al.
(2003a) need to be modified for this particular pile spacing of 3.92D. Other curves
proposed by WSDOT (2000) and Mokwa and Duncan (2001) fit within the lower and
upper bounds and provides a reasonable fit of the test results but can be improved for pile
spacings between 3.5 to 6 pile diameters.
In Figure 7.13, a comparison of trends for p-multipliers versus pile spacing is
shown for two different clay sites. The Salt Lake City Airport site used for this study is
referred to as the soft clay site. The test results for a stiff clay site reported by Rollins et
al. (2003b) are included for comparison.
Trendlines were developed from the test results for both clay sites. A logarithmic
curve was used to provide a best fit through the data points. The logarithmic equations
that define the trendlines are valid up to a certain pile spacing at which the p-multiplier
was capped at a value of 1.0. The results are shown in Figure 7.13, with curves available
for the lead row, trailing row, and third and subsequent rows. The equations of the curves
used to determine the p-multiplier (fm) for a particular spacing are as follows:
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Lead Row:
Soft Clay Site fm = 0.311*ln(S/D) + 0.395

(fm = 1.0 for S/D > 7)

Stiff Clay Site (Rollins et al., 2003b) –
fm = 0.208*ln(S/D) + 0.587

(fm = 1.0 for S/D > 7)

Second Row:
Soft Clay Site –
fm = 0.483*ln(S/D) + 0.046

(fm = 1.0 for S/D > 7)

Stiff Clay Site (Rollins et al., 2003b) –
fm = 0.461*ln(S/D) + 0.090

(fm = 1.0 for S/D > 7)

Third and Subsequent Rows:
Soft Clay Site –
fm = 0.490*ln(S/D) - 0.020

(fm = 1.0 for S/D > 8)

Stiff Clay Site (Rollins et al., 2003b) –
fm = 0.601*ln(S/D) - 0.234

(fm = 1.0 for S/D > 8)

where S/D is the pile spacing (center-to-center) divided by the pile diameter.
In the lead row, the trend for the soft clay site is lower than the stiff clay site. For
example, at a pile spacing of 3D, the p-multiplier for the stiff clay site is about 10%
greater than the soft clay site p-multiplier. This difference decreases to about 6% at 4D.
The second row trends for both sites are nearly identical with the difference being less
than 4% at 3D. The trends for the third and subsequent rows are the opposite of the lead
row with the soft clay trend being the higher of the two. At a spacing of 3D, the
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Figure 7.13 Comparison of trends for p-multipliers versus pile spacing for stiff
clays (Rollins et al., 2003b) with the results determined from the soft clay site (this
study; Rollins et al. 2003a).
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p-multiplier for the soft-clay is 22% higher than for the stiff clay. This difference reduces
to 10% at 4D. The test results suggest that group effects are more severe in the lead row
for soft clays than stiff clays but less severe in the trailing rows.
In the test conducted on a 3x3 pile group spaced at 2.82 pile diameters in the soft
clay, the third row p-multiplier was slightly greater than the second row. The opposite
was observed in the test on a 3x3 pile group spaced at 5.65 pile diameters. In fact, the
first and second row piles in the group carried generally similar loads while significantly
less load was carried by the third row. In the test at 3.92D spacing, the third and fifth row
p-multipliers were similar and carried the smallest loads of any row in the group. The
second and fourth row p-multipliers were also similar until the pile group was subjected
to larger deflections, at which point the p-multiplier significantly decreased from 0.81 to
0.71 for the fourth row. Nevertheless, this was still much larger than the third and fifth
row p-multipliers.
The second row exhibited intermediate behavior, carrying more loads than the
third and subsequent rows but less loads than the lead row. This would be consistent
with the observations made by Johnson (2003) that the group effects become more severe
in the second row as the pile spacing decreases. Although the p-multipliers were not
consistent for the third and subsequent rows, they were all less than the second row,
implying that at a spacing 4D, the group effects are still more severe in the third and
subsequent rows. A simpler, but more conservative approach would be to use the lower
p-multipliers back calculated for the third and fifth rows as recommended by Rollins et
al. (2003b).

205

CHAPTER 8 – SUMMARY AND CONCLUSIONS
A 3x5 pile group consisting of 324 mm (12.75 in) diameter closed-ended steel
pipe piles were installed and tested in August 2002 at the Salt Lake City International
Airport. The center-to-center spacing of the pile group was 3.92 pile diameters parallel to
the direction of loading. The first few meters of the soil profile consisted mainly of
cohesive soils (ML, ML-CL, CL), underlain by interbedded layers of sand and finegrained soils. The piles were instrumented to measure pile-head deflection, rotation, and
load, as well as strain versus pile depth. Lateral loads were applied statically and
dynamically. Static lateral loads were applied by two hydraulic jacks each reacting
against a reinforced concrete drilled shaft. Dynamic loads were applied using a statnamic
device. For the static tests, the piles were loaded to eight target deflections ranging from
6 to 89 mm (0.25 to 3.5 in). The pile group was cyclically loaded 15 times at each target
deflection with the jacks and then at selected deflection increments with the statnamic
device. Additionally, an isolated single pile was tested for comparison to the response of
the piles within the group. The single pile was not dynamically loaded.
In this study, data reduction and analysis was conducted mainly for the static load
tests. The data collected from the dynamic tests will be analyzed in-depth in subsequent
theses. The static load test results were analyzed by constructing plots of load versus
deflection, bending moment versus depth, maximum bending moment versus load, and
rotation versus load. Additional analyses were conducted by constructing plots of
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stiffness versus cycle to illustrate the effects of soil stiffness degradation with increasing
cycles. Load distribution within the pile group was observed particularly by row along
with bending moments and rotation. This distribution among the rows was essential in
observing the phenomenon called “shadowing,” where the lead row piles typically
provide resistance similar to the single pile, with the second row and third and subsequent
rows resisting successively smaller loads.
The pile group tests were modeled using the computer programs LPILE (Reese et
al., 2000) and GROUP (Reese and Wang, 1996). The computed results were then
compared to the measured field results. An idealized soil profile was determined from insitu and laboratory testing and input into LPILE to model the single pile test results. The
soil parameters were iteratively adjusted until a reasonable match was obtained between
the measured and calculated response for the single pile. The final adjusted soil profile
was then input into GROUP to model the pile group load test. User-defined p-multipliers
were then adjusted iteratively until the modeled pile group response matched the
measured response in the full-scale tests.

8.1

PRIMARY CONCLUSIONS
Several conclusions were drawn from analysis of the response of the single pile

and pile groups to lateral loads.
8.1.1 Single Pile Test
1. The soil stiffness degraded with increasing load cycles due to repeated
shearing and plastic deformation of the soil surrounding the pile.
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2. A load reduction of 20 to 30% was observed for a given deflection between
the 1st and 15th cycles.
3. The largest reduction in soil-pile stiffness occurred between the first and
second cycles. A stiffness reduction of 10 to 15% was observed between the
two cycles with another 10 to 15% reduction observed between the 2nd and
15th cycle.
4. The depth of maximum bending moments occurred at progressively deeper
depths with increased load.
5. Bending moments normalized by load revealed that the 15th cycle bending
moments were greater than 1st cycle bending moments for the same load. At
small deflections, maximum bending moments for the 15th cycle were about
15% greater than those corresponding to the same load for the 1st cycle. The
difference ranged from 20 to 35% at larger deflections.
6. The rotations for the 15th cycle loads were generally 25 to 35% higher than the
rotations for the 1st cycle loads.
7. LPILE (Reese et al., 2000) was reasonably accurate in predicting the shape
and magnitude of load versus deflection, bending moment versus depth, and
rotation versus load curves.

8.1.2 Pile Group Test
1. The average group load was 10 to 15% lower than the single pile load for
deflections up to 38 mm, and approximately 20% lower for higher deflections.
This trend was observed for both the 1st and the 15th cycles.
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2. The 15th cycle peak loads were an average of 17% lower than the 1st cycle
peak loads. About half of this reduction occurred between the 1st and 2nd
cycles.
3. No consistent trends were observed with load distribution across a row.
However, the loads were distributed by rows parallel to the load direction,
with the lead row piles carrying loads similar to the single pile. The second
row and third and subsequent rows carried successively smaller loads. The
loads carried by the third and fifth row piles were similar but the load for the
fourth row piles was somewhat higher.
4. Bending moments in the lead row were generally similar to the single pile
bending moments at similar loads. In addition, the bending moments in the
group piles peaked at progressively greater depths with increased load.
5. Bending moments normalized by load showed the 15th cycle bending
moments were larger than the 1st cycle bending moments.
6. Maximum bending moments in the trailing rows were as much as 40% larger
than the single pile, but occurred at similar depths. The maximum bending
moments in the lead row occurred at shallower depths than the single pile and
trailing rows.
7. Pile-head rotations of a leading-row pile were similar to the rotations observed
in the single pile. However, a trailing row pile in the fifth row rotated
significantly more than the single pile, as much as 75% more at an average
pile load of 75 kN (17 kips).
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8. As the deflections increased, the shear zones of the soil resisting pile
movement began to overlap. The group efficiency was progressively reduced
at increasing deflections. This reduction appeared to stabilize at a deflection
level of 20% of the pile diameter. This movement was about twice the value
observed during tests conducted in sand by Kotthaus et al. (1994), in which
group effects began to stabilize at about 10% of the pile diameter.
9. For group deflections up to about 38 mm, the back-calculated p-multipliers
were 1.0, 0.87, 0.64, 0.81, and 0.70 for Rows 1 to 5, respectively. For larger
deflections, the p-multipliers decreased to an average value of 1.0, 0.81, 0.59,
0.71, and 0.59. The lead row may have been driven into stiffer soil than the
single pile resulting in a higher than expected multiplier.
10. Extrapolation of full-scale test results suggests that group effects become
negligible in pile groups with spacing greater than about seven to eight pile
diameters depending on row position.

8.1.3 Design Curves
1. Design curves recommended by Reese and Wang (1996) and Reese and Van
Impe (2001) give p-multipliers that are generally larger than those determined
from full-scale test results.
2. Recommended design curves by AASHTO (2000) and the United States
Army Corps of Engineers (US Army, 1993) may be considered the
conservative lower bound compared to the results of full-scale field tests.
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3. The design curve for all rows recommended by Washington State Department
of Transportation (WSDOT, 2000) gives p-multipliers about 10 to 20% lower
than full-scale test results for lead-row piles and second row piles up to a
spacing of 4.5 pile diameters. The curve provides a reasonable match for
second row piles spaced at greater than 4.5 pile diameters and piles in the
third and subsequent rows.
4. Curves proposed by Mokwa and Duncan (2001) provide reasonable fits for
the full-scale data for the lead row piles but slightly non-conservative fits (5 to
10% higher) for piles in the second, third, and subsequent rows.
5. Compared to full-scale data, interim design curves proposed by Rollins et al.
(2003a) underestimate the group resistance of lead row and second row piles
by about 10 to 20% up to a spacing of 4.5 pile diameters. For piles in the third
and subsequent rows, the interim curve provides a reasonable fit for spacings
at 3 pile diameters. However, the curve underestimates resistance by 10% at a
spacing of 4 pile diameters and overestimates resistance by 10% for larger
spacings.

8.2 RECOMMENDATIONS
The following recommendations apply to the design of pile group foundations
spaced at 3.92 pile diameters placed in soft clays and silts.
1. Group effects must be accounted for in the lateral load analysis of pile groups
spaced at 3.92 pile diameters.
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2. For lateral resistance analyses, p-multipliers of 0.82, 0.71, and 0.65 would be
appropriate for the lead, second, and third and subsequent rows. These pmultipliers are determined using the equations developed for the best fit
curves for this test site as discussed in Section 7.4.
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